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Mora  rallabM  ceramics  raquira  fenprovsd  procsssmo  rallabillty.  HstsrogsnsRiss  bought  with  powders 
and  those  Inadvertently  imroduced  during  processing  as  weli  as  noiHinlform  md  undefined  phase 
distributions  comitbute  to  unieliabie  proceseing.  Colloidal  powder  treatments  can  ellminMa  many 
heterogenaities  and  ensure  mors  uniform  phase  distributions.  To  ensure  that  new  heterogeneities  are 
not  imroduced,  colloidally  treated  powders  must  be  piped,  as  slurries,  directly  to  a  die  cavity.  Slurry 
consolidation  methods  based  on  p^icie  partitioning,  e.g.,  pressure  filtration  and  centrifugation  are 
emphasized  In  this  review.  Interparticle  potentials  pUqr  a  dominam  role  in  governing  the  shiny 
viscosity,  maximum  particle  packing  density  and  the  rheology  of  the  consolidated  body.  These  roles  will 
be  reviewed  with  the  ob|ectlve  to  understand  how  damage  free  bodies  can  be  consolidated  from  slurries 
to  increase  the  structural  reliability  of  ceramics  and  their  composites. 
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ABSTRACT:  Engineering  shapes  made  of  ceramics  are  first  formed  at  fom&a  compacts  which  are  made 
dense  by  a  heat  treaimenL  High  packing  densities  are  desired,  but  mere  critically,  powders  must  pack  with  a 
uniform  density  d^iie  pressure  gradients  within  the  die  cavity.  As  reviewed  below,  short*  or  long-range 
repulsive  interpartkle  potentials  that  persut  during  paddng  enaUe  ceramic  powders  to  pads  lo  high,  pressure 
insensitive,  relative  densities.  To  appreciate  how  intetpinicle  poieiyials  ema  particle  paefctafi  review 
will  first  diacttu  how  one  develops  different  interputicle  pcaentials,  the  lelation  baiweaa  particle  size 
distribution  and  the  tnasimnm  packing  density,  and  the  gf  pmticle  r*«**«g.  via,,  pretida 

rearranfemeat  during  pressure  consolidatioo. 


1  INIROOUCnON 

Intetpattide  potentials  can  be  neglected  when 
paiticlea  are  large,  Lc.,  when  their  separation  force 
(particle  mass  x  diffierential  acceleration)  in 
gravitational  flow  is  much  larger  chan  either  their 
attractive  or  repulsive  force  caused  by  different 
surface  phciKxiiena  described  below.  ThUisnotihe 
case  for  powders  used  in  cetamic  processing  where 
smaller  particles  (<  1  pm)  are  hi^ly  desirwie  to 
minimize  the  densificatian  teinpetanire  and  period 
and  to  develop  mkrostructures  that  optimize 
properties.  Hi^  relative  densities  also  onaiaBiaB 
the  shrinkage  strain  during  densification.  ForaainH 
particles,  interparticle  potentials  strongly  aflhet 
particle  packing. 

Although  a  high  relative  density  is  deorsd, 
modest  densities  (p  <  are  certainly  acocpteble 

provided  density  grat^ts  are  not  present  Dendiy 
gradients  cause  shrinkage  gradients  chat  canae 
waiping  and  cracking.  Because  pressure  aradiouts 
always  exist  within  die  cavities,  powders  mm  pack 
to  the  same  densiM  over  a  wide  range  of  pwsames 
are  desired.  In  adartnn.  some  forming  mediods  can 
not  be  used  iC  fhe  relative  density  is  pressure 
sensitive.  e,^neateifngation,  which  natmally 
produces  lamBjapmare  gradients,  can  be  used  to 
form  shapes  whan  partim  packing  is  pressure 
sensitive  only  at  very  low  Assures.  Thus,  in 
ceramic  proMSing,  the  pressure  sensitivity  of 
particle  inking  is  a  greater  issue,  relative  to  the 
maximum  relative  density. 

Particles  are  either  attractive  or  repulsive. 
The  van  der  Waals  ptmntial,  always  cause  particles 
with  similar  dielectric  properties  to  be  attractive 
when  tl^  are  surrounded  by  a  fluid  with  different 
dielectric  properties.  By  itself,  the  van  der  Waals 


potential  can  pradnoe  a  natwok  ai  in 

elastic  contact  whseh  am  dUI&ealiin saamnaa due 
mfriction.  A lonfmap aepnWwa pnnnllBl e« be 
produced  by  several  pmctkal  madinda  pnviM  dte 
chetniatry  of  the  aartere  andfcr  *a  ahsiaimiy  of  the 
fluid  near  the  surfme  can  be  asdRcieadyalHaBd.  To 
used  these  methods,  the  powder  mnss  bn  placed 
within  an  appropriate  Ikpnd.  The  net  inwpetticle 
potential  can  be  lepiMve  whan  the  mngnwude  of 
the  long-range  repaunne  potential  ia  largar  than  the 
van  der  Waaiu  potential,  Repulsive  mnimtiala  canm 
the  particles  to  be  disperwd.  Even  when  the 
volume  fraction  of  particles  is  small,  dispersed 
particles  form  an  interactive  netwosk  because  their 
movement  is  hindered  by  neighbors.  Surface 
chemistries  can  also  be  modintul  to  produce  a 
repulsive  potential  that  is  only  'felt'  once  the 
panicles  are  close  enough  to  be  attracted  by  the  van 
der  Waals  potential.  These  shoit-range  repulsive 
potentials  keep  the  attractive  particles  from 
touching.  As  reviewed  below,  shoit-range  repulsive 
potentials  can  produce  a  weaker  attractive  network 
relative  to  the  touching  network  produce  by  the  van 
der  Waals  potential  alone.  Provided  that  they 
persist  as  puiicles  are  pushed  together,  both  long- 
and  short-range  repulsive  potentials  can  ease 
particle  rearrangement  and  produce  pressure 
insensitive  packing  at  practical  pressures  which 
allows  particles  to  pack  to  their  maximum  relative 
density. 


2  INTERPARTICLE  POTENTIALS 

The  reader  is  referred  to  Horn's  (1990)  review  of 
most  phenomena,  and  their  functional  forms,  that 
contribute  to  the  interactive  potential  between 
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particles  ialiciid  media  appropriate  to  ceramict. 
Here,  only  ike  van  der  WaaU  attractive  potential 
and  several  methods  of  achieving  repulsive 
potentials  will  be  briefly  outlined  so  that  thev  effect 
on  panicle  packing  can  be  coherently  discussed. 

The  van  der  Waals  interparticle  potential 
always  describes  an  attractive  force  between  like 
particles  in  a  fluid  with  different  dielectric 
properties.  It  arise  from  the  correlated,  attractive 
interaction  of  oscillating,  electric  dipoles  associated 
with  atoms  and  molecules.  In  the  absence  of  any 
repulsive  potential,  the  van  der  Waals  potential 
produces  very  strong,  attractive  forces  at  snudl  (<  S 
nm)  interparticle  separations.  The  magnitude  of  the 
van  der  Waals  potendal  depends  on  the  Hamdcer 
constant,  which  depends  on  the  high  frequen^ 
dielectric  prop^es  of  the  particles  and  their 
surrounding  fluid,  the  particle  diameter  and  the 
distance  between  paiticlei. 

When  the  volume  fraction  of  particles  is 
very  small,  initially  separated  panicles  moving 
about  via  Browniaa  motion,  will  form  small,  low 
density  clnaten  antk  ftactal  dimensjoas  when  tbey 
bump  into  one  another.  As  the  cluster  become 
larger,  they  sediment  and  pile  on  one  anodier  to 
form  a  oontinuous,  touching  network.  Forpmticto- 
liquid  syatertu  (slmries)  containing  volume 
fractions  of  ptactiad  interest  for  ceramic  processors 
(>0.1).  a  oonnecdve  network  of  touching  petticiss 
quickly  forms  ss  the  vigorously  stirred  sluny 
becomes  qnicaccnt.  Since  the  particles  are  in 
elastic  contact,  the  network  is  'stion^  le.,  itteouires 
the  greatest  effort  to  break  apart  It  is  caUed  a 
floc^  network,  schematically  illustrated  in  Fig.  la. 
To  avoid  this  strong  network,  one  must  devenp  a 
repulsive  intetpartide  potential  sufBciem  to  counter 
the  attractive  van  der  Waals  potential.  Althooghthc 
van  der  Waals  potential  is  effective  in  aH  nnida, 
common  methods  of  producing  lepulsive  pntsnriuli 
require  s  liquid  medium. 

Tem  methotii  of  prodneing  lunfcange 
repulsive  potentUs  and  two  methods  of  yntiMdig 
short-range  lepaltive  poMntieis  wiO  be  untihluft'A. 
net  repulsive  potendal  is  produced  wkn  c  MiiP-' 
range  repulsive  potential  is  added  so  ike  van  mr 
Waals  potential.  As  shown  in  Hg.  Ik  A  e,  dm 
dispersed  particles  form  a  non-toueUng,  but 
interactive  network.  An  attnctive  paitide  nenamk, 
which  is  tq^ttlsiwe  m  short  seperation  dtesneui  3 
nm).  ia  nroducn  edKn  a  short-range  repulsive 
potendal  a  mHM  lo  Iks  van  der  Waals 'potential; « 
shown  in  Wn  combined  function  has  a 

potential  igdcles  in  this  netwoik  ate 

attractive^  1[flkMH|gM||ng.  Particles  that  fotm  this 
weak,  aumttfW  aMVM  are  call  coagulated  (or 
weakly  floooed). 

One  method  to  produce  a  long-range, 
repulsive  potential  ia  to  produce  surfaces  with  a  net 
charge  density  which  is  neutralized  1^  ions  of 
opposite  charge  that  surround  the  panicle.  This 
potential  is  called  an  electrical  double-layer. 
Charged  oxide  surfaces  can  be  produced  in  water 
when  the  -M-OH  surface  sites  react  with  either 


HsO^  or  (Ml*  ions.  By  contraUing  the  pH,  the  net 
surface  charge  can  be  eiihm  positive  (acidic 
conditions),  neutral,  or  negative  (huk  conditions). 
The  pH  that  produces  s  neuml  surfme  is  called  the 
iso-electric  point  (iep).  The  pH  required  to 
maximize  the  surftoe  charge  density  (eithm  positive 
or  negative)  depends  on  we  suifme  chenn^  and 
its  equilibrium  with  1^0*' and  OH*.  The  surface  is 
neut^  at  an  imermediaie  pH  (iep).  wheie  the 
surface  contams  a  Imga  firacdni  of  neutral  -M-OH 
sites  and  eqnnl  proporiiona  of  hydrated,  positive 
sites  (-M-H2O'*')  and  negative  (-M-O*)  aiiea. 
Conatetiona,  ions  ia  ike  snluiioB  with  an  oppoeiie 
charge  relative  m  the  sm&oe  am  teodnoed  ^  iona 
used  »  change  the  pH,  iouu  nwduced  by  the  alight 
solubility  of  dm  particles,  and  kue  putposeN  adM 
as  a  salt,  (jouatetioos  •w—w*  m  neutralize  the 
surface  by  farnuM  a  diflhM  mawr  layer  ■ound 
each  panicle.  The  'cloud'  layer  «"««««■«  both 
poeitive  and  negutive  kmu,  hut  vM  u  ouaceamiiaG 
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laver  potential  can  hu  ludncad  to  am  by  either 
adding  salt  autiBr  by  ckagiut  tiiu  pH  to  Ae  iep  » 
onduct  •  neuml  miMn. 

The  DLVOoSSjplitlaaia^  Ver^ 
Oveiheek)  theory  adfeiiuwtimWalk  aaactive 
poteotial  and  the  lupaltivu  doctikal  douUe-lnyer 
potential  togeAer  to  prodna  n  combined 
interpanicle  pocatial  tiiai  ca  he  ahber  romlave  or 


attractive,  depending  a  the  ■t^guStnifa  of  the 
^nlsive  potatiaL  Oa  form  of  a  ooabiaed 
intefactive  potential  (high  safece  ckmge  aul  low 


salt  content)  is  shown  inns.  Ih.  PertitisoouAtion, 


as  paiwles  approach  oa  aoAei;  Aqr  eaoumer  a 
repulsivu  energy  bunier.  The  arti^  remain 
trpeiinr  end  rrpri  nnr  aiitier  if  An  angj  lurili  1 
is  may  times  their  kinetic  eargy.  Whapeiti^ 
crowd  together  at  moderaie  vohna  buetions,  Aey 
attempt  to  'sit'  at  pontious  Aat  ntinunia  their 
interaction  potential,  viz.,  at  a  separatioo  distance 
(usually  >  10  nm)  to  form  a  non-touching,  but 
interactive  netwoik  schematically. shown  in  Hg.  lb. 
Since  the  panicles  in  Ae  network  are  not  touaing 
one  anoAcr.  the  sysuan  is  caUed  a  'dispersed'  slurry. 
Because  Ae  electrical  double-layer  potential  is 
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Figure  1  Schematic  of  different  inteiparticle 
potentials  and  their  particle  nenwrta. 


by  an  exponential  function  and  the  van 
der  Waals  poientiau  is  a  power  law  functioa.  the 
latter  'wins'  at  very  small  sepantions  (<  0.5  am). 
Thus,  if  the  panicles  are  poshM  together  by  a  laiger 
force,  they  will  Till'  into  the  deep  potential  weU  to 
fonn  a  touching  network. 

If  the  repulsive  contribution  to  the  DLVO 
potential  is  reduced  (e.g.,  decreasing  the  surface 
charge  by  changing  pH),  a  condition  can  be 
achieved  where  the  repulsive  barritf  is  no  longer 
sufficient  to  prevent  pvticles  ftnm  slipping  into  the 
deep  potential  well  and  ptodoce  a  stroo^y  oohaaive, 
touching  network  as  described  above.  Thus,  the 
DLVO  theory  teaches  that  although  the  coodned 
repulsive  interactioo  (magnitude  of  the  repulsive 
barrier  and  equilibrium  sqsaiation  distance)  can  be 
controlled  and  optiinized  (by  controlling  pH  and  salt 
content),  particles  should  always  fall  into  a  deep 
potend^  well  to  form  a  cohesive,  flocced  netwonc 
when  conditions  are  much  less  than  optimum.  That 
is,  DLVO  theory  offers  no  help  in  understandug 
how  one  mi^t  control  the  depth  of  the  attractive 
well. 

A  second  to  produce  a  long-range 

repulsive  potential  is  to  either  chem-  or  phys- 
aihorb  macromokiBnles  on  the  surface  of  the 
particles  as  shown  in  Fig.  2a.  These 
maciomolecules  would  prefer  to  be  in  solution  if  the 
surface  was  not  present  The  molecules  can  either 
be  attached  to  the  surface  at  one  end  (bi-functional 
molecules)  or  attached  at  different  places  along  its 
length  with  loops  extending  into  the  liquid.  If  the 
molecule  is  anached  with  extended  loops,  the 
surface  of  each  particle  must  be  fully  saturated  so 
that  macTomolecules  from  one  particle  can  not  link 


oo 

Figure  2  Adsorbed  molecules  can  produce  a)  long- 
range  repulsive  potentials  and  b)  short-range 
rqiulsive  potentials. 


to  another  to  cause  flocculation.  The  rmi^ve 
potential  due  to  the  molecules  hecomrs  flniia  at 
approximately  twice  the  molecule  (or  loop)  lenmh, 
and  increaaea  u  the  molocnlcn  (or  loopn)  mu  pnahad 
together  tt  shown  in  Fig.  2n.  Thin  ghMotaann  is 
called  sieric  stahiKatinn;  it  is  oonagaly  used  to 
disperae  paiticlea  in  nai  pnlnr  lh|nidn  where  ihn 
electrical  donble-l^fcrannnnAominnthn  need.  If 
the  moteenka  are  weaUy  anached  to  dM  inelhce 
(phya-adeorbed).  experienoe  sngpM  dmt  can 
pushed  away  during  particle  pacldag.  Thaa. 
strongly  attached  (chem-adacrbed)  molemlfs  are 
de^red. 

One  of  the  easiest  methods  of  prodieing  e 
shon-iange  repulsive  poieatinl  is  sunply  n>  attach 
shon  molecules  to  the  snrtee  u  shown  in  Rg.  2K 
When  the  moiecale  is  <  Sbub.  the  npolaive  stmic 
potential  only  begias  when  the  pnrtdea  ms  ahc^ 
attractive  doe  to  the  van  der  Wenla  potential 
Atahough  the  long-  and  Aon-nnge  icpnlaivn  meric 
potential  can  be  estimated  with  a  complex  fbnctioa 
(Napper,  1983),  it  is  nearly  u  accnraie  to  fstimaie 
the  intenction  length  of  tins  potential  by  nuacmiag 
dw  van  der  Waals  potential  at  twice  the  length  of 
the  adsorbed  molecule  (each  of  the  two  stmces 
have  adsorbed  molecules)  when  it  is  know  that  the 
molecule  is  attached  at  one  end.  This  is  the  case 
when  low  molecular  weight  alcohol  molecules, 
dissolved  in  toluene,  are  reacted  with  the  -M-OH 
surfsM  sites  of  different  powders  to  attach  their 
carbon  chain  (-M-OH  +  ROH  — » -M-OR  ♦  H2O) 
at  ■  150  ®C  (Der.  1979).  Figure  3  Ulustrates  the  van 
der  Waais  potential  for  0.4  4m  diameter  SisNa 
particles  in  dodecane  (Hamaker  Constant «  20  x  lO* 
^  J),  and  Ulustnues  how  3  different  chem-adsorbed, 
carbon  chains  would  truncate  this  potential  to 
produce  3  different  potential  weUs  (Kramer  and 
Lange,  1993) 

The  strength  of  the  3  attractive  SisNa 
powders  networks  produced  with  each  of  the  3 
chem-adsorbed  molecules  is  inversely  proportional 
to  the  depth  of  the  potential  well,  viz.,  the  deeper 
the  well,  the  stronger  the  network.  The  network 
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Figure  3  Van  der  Waals  potential  for  silicon  oinide 
particles  (0.4  pin  dia.,  Hamaker  Gxisl  «  20  a  10*^ 
J)  truncated  with  three  different  chetn-adsorbed 
alcohol  molecules.  (Kramer  and  Lange,  1993) 


strength  can  be  determined  in  one  of  three  ways:  i) 
The  viscosity  of  attractive  panicle  networlis 
decreases  with  increasing  shear  rate,  i.e.,  the 
network  breaks  into  smaller  and  smaller  units  with 
increasing  shear  rate.  Stranger  networks  have  a 
higher  viacoaiiy  at  a  given  shear  rate  (Velamakanni. 
et  al.  1990)  ii)  Attractive  networks  have  a  yield 
stress,  i.e.,  they  are  elastic  before  they  flow. 
Stranger  networks  have  a  higher  yield  stress. 
(C3iangetal.,  1993)  iii)  Mar  to  flow,  the  anraetive 
network  has  an  elastic  shear  modnlns.  Snoofer 
networks  have  a  greater  shear  modnlns  (Yanes.  et 
al.  1993). 

In  general,  the  ahon-range  repnlsive 
potential  is  oonnonly  called  a  aotvatkn  potential 
(see  Hon,  1990).  The  term  solvation  aiiaes  ftom 
tiiBtmnfiifiniiiiinrioiiliiculMwitliiniiieliqnidcan 

lower  their  free  energy  by.  for  onn  reason  or 
another,  either  weakly  bonding  or  onMag 
themselves  at  the  stnfrae.  Attempting  to  lawe 
them  by  forcing  two  aohrated  tnifaoes  tngaAcr 
requires  work,  and  thus  can  give  rise  to  a  vmy  share- 
range,  highly  repnlsive  potentiaL  Sinoa  the 
molecules  are  very  small  and/or  form  a  vary  dda 
layer  of  ordered  molecules,  the  particles  are 
attractive  due  to  the  reasons  discussed  above,  bat  ait 
apan  within  a  potential  well.  The  second  mMhod  of 
producing  a  ahort-renge  repulsive  potential  is  more 
difficult  tn  understand  because,  althoagh  it  is 
obvious  thtfahorwange  repulsive  potentials  are  due 
to  strangkndHSbed  small  molecules  (or  laycn  of 
small  inwdha)  that  require  work  to  remove,  the 
type  of  Hirfop^s)  is  really  unknowu  for  this 
second  COMw 

Under  certain  conditions,  the  basal  surf^ 
of  mica  is  believed  to  develop  a  spraal  solvadoo 
potential  called  the  hydration  potential.  Using  the 
surface  force  apparatus,  Israelachvili  and  Adams 
(1978)  and  Pashley  (1981)  showed  that  when  mica 
is  placed  in  water,  the  potassium  ion  in  its  structural 
surface  site  can  be  strongly  hydrated  by  water 
molecules  to  produce  a  layer  of  ’structured'  water 


molecules.  A  sufficient  concentration  of  K*  ions 


must  exist  in  solution  to  keep  the  hydrated  K^  ions 
in  the  surface  from  dissolving  into  the  water.  In 
effect,  when  a  sufficient  amount  of  a  K-salt  is 
dissolved  in  the  water,  water  molecules  become 


bound  to  the  surface  through  the  hydrated  potassium 
ions  which,  in  turn,  are  bound  wit^  their  stitictural 
surface  sites.  Th^  also  showed  that  by  adding 
other  salu  to  the  water,  the  hydnaed  potassium  ion 
can  be  exchanged  with  another  hydn^  cation  to 
change  the  'strength'  of  the  hytnaiioa  potential. 
When  no  long-range  repulsive  potential  is  present, 
their  surface  roroe  meaausemeaa  show  that  the  net 
surface  potratial  hu  a  fiwinicnl  form  «in«lar  to 
that  shown  in  Hg.  Id,  i.e..  amactlve  at  aeparadon 
distances  >  «  2  nm,  and  U^y  repulsive  at  smaller 
separations.  Because  of  the  amictuial  siinilaiiaes 
with  mica  and  a  host  of  other  evidence,  it  i' 
believed  that  clay  surfaces  (Olphen,  1977)  also 
develop  a  hydrated  surface  layer  and.  thus,  a 
repulsive  hydratitre  porentiaL 

Velamakaaiaa  aL  (1990)  have  shown  that 
a  short-range  rapolaive  poareidat  eaa  also  be 
developed  on  the  surfHea  of  portcles.  This 


salt  wu  added  »  as  I 
atapHkaowarej 

and,  thus,  a  hip 

When  luffickiw  salt  waa  addad  »  dre  shrery  it ' 
noted  that  the  diapeiBed  aanaoik  waa  abend  ID  u 
superficially  appaarad  aa*  a 
predicted  ^  OLVO  Aaaayt  After  farther 
experimeniB,  pfiaaarily  etMBaaald  «iih  packing 
(Voamakaaai  as  ah,  1990f  aad  adfwiak  smagta 
determinatioiia  (Chaag,  et  ah  In  pien),  it  waa 
concluded  that  the  salt  did  dam  the  diapersed 
network  to  an  attractive  natven.  but  dds  new. 
attractive  netwiak  was  reach  Wtmit  than  ia  fta 
fkxxed  system.  That  is,  ualBre  a  flbacad  uaMorit 
prodaced  by  chaagiag  the  pH  la  the  iao-dacatle 
point,  the  particlee  re  ns  new  netwodt  coold  caaOy 
be  rearranged.  Differere  rheological  meaauitmenit 
of  network  strength  also  showed  thu  the  strength  of 
the  attractive  network  coold  be  increased  to  a 
maximum  value,  still  below  the  strength  of  the 
flocced  network,  with  a  certain  salt  oonoenttatioa. 

All  evidence  now  shows  that  when  the  salt  is 


added,  the  counterions  diminish  the  magnitude  of 
the  repulsive,  long-range  electrostatic  potential  u 
predicted  by  DLVO  the^,  bat  they  also  produce  a 
sKdrt-range,  rraulsive  potential  noc  suggested  by 
classical  DLV(>  theory.  The  shon-range  repulsive 
potential  due  to  added  salt  has  been  recently 
confirmed  with  sapphire  plates  ia  the  surface  force 
apparatus  by  Ducto  et  aL  (1993).  The  short-range 
inteqMTticle  potential  is  cutien^  believed  to  be  due 
to  a  hydrated  layer  of  counterMos  similar  to  that 
found  for  mica  surfaces  (Israelachvili  and  Adams, 
1978,  and  Pashley,  1981),  and  for  clay  surfaces  (van 
Olphen,  1977).  Oiang  et  al.  (1993)  have  recently 
nnodeled  this  behavior  summing  the  functions  for 
the  electrical  double-layer  potential  (Vlr),  the  van 
der  Waals  potential  (Va)  and  an  exponential 
function  used  to  describe  the  short-range  potential 
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Figure  4  Sum  of  van  der  Waals  (HC  <■  4.9  x  tO*^  J. 
0.2S  ^m  dii.).  electrical  double-layer  (Vj  «  40  mV), 
and  exponential,  shott-ranfe  rmulsive  poientiala 
(see  text)  for  different  ionic  (I.  molar,  NH4CI) 
streng^  (Oung  et  aL  to  be  pub) 

(Vsr)  for  AI2O3  particles  with  a  radius  of  0.12S 
^m,  a  surface  potential  of  40  mV,  and  a  Hamaker 
constant  of  4.9  x  lO"**  J: 


reasons  not  clearly  understood  (current  thinking 
suggests  that  hydrated  counterions  produce  the 
shon-range  potential).  Second,  u  predicted  by 
DLVO.  the  salt  decreases  the  long  range  repulsive 
potential,  which  in  turn,  causes  the  potential  well  to 
deepen  with  increasing  salt  content  to  a  nuximum 
depth  of-  -  30  kT. 

In  cor*paring  the  two  methods  of  producing 
a  short-range  repulsive  potential,  the  ^t-added 
method  can  be  used  to  change  a  dispersed  slurry 
(particles  repulsive)  to  a  coagulated  slurry  (non¬ 
touching,  but  attractive  particies),  and  it  can  be  used 
to  control  the  dt^  of  the  well,  and  thus, 

the  strength  of  the  ametive  particle  netwutfc.  On 
the  other  hand,  the  fiaK  matnnd  described  above, 
viz.,  the  chem-adaorpiioa  of  anall  moieculea,  does 
not  start  with  a  diapersed  slurry,  nor  can  the 
potential  well  be  oontinnoaaly  changed  (anthout 
changing  tenyeratuR  or  eofemm  ooomaoasX  That 
is.  in  the  shoct-tanfp  itefle  method,  only  neo 
potentials  are  added  together,  the  van  der  Wan  and 
shon-range  steric  potadafe.  and  the  depth  of  the 
potential  well  is  governed  fay  the  leagih  of  the 
chem-adsoffaed  molecttle. 


3  PARTICLE  PACKINO 


V  =  +  V^  V*.  (1) 

The  short-range  potential  was  described  by 

V,  .  Cexp(-Hj,  (2) 


where  H  is  the  separation  distanoe  betw«n  surfaces 
of  the  particles,  the  pre-exponential  factor  C 
represents  bow  strongly  the  molecules  (hydrated 
counterions)  are  boniM  to  the  surface,  and  B 
described  the  range  of  the  interactioo.  Based  on 
experimental  determinations  of  the  lowest 
concenoatioa  of  salt  needed  to  first  form  aa 
attractive  network  (known  as  the  crUieal 
coagulation  concentration  (GCQ,  e.g.,  for  NH4CI, 
CCC  -  0.12  molar.  Chang,  et  aL.  1993)  and  she 
assumption  that  the  networit  would  be  attracdwa 
when  the  potential  well  is  <  -  S  kT,  values  of  C  ■  30 
kT  and  B  «  S  nm  were  calculated.  Figm  4 
illustrates  the  total  potentiaL  V,  for  different  ionic 
strengths  (1).  which  only  affea  the  magnioale  of  the 
electrkal  double-layer  potential  (VuO-  As  shown 
in  Fig.  4,  when  I  >  0.12  molar,  the  particles  am 
repulaye,  and  when  I  ^0.12  molar,  the  particles  are 
attractive  and  'made'  in  a  potential  well  that 
increases  in  depthftOB-- 3  kxG*  0.12  molar)  to 
--3OkT(I«lJ0palar);  larger  salt  concentrations 
do  not  significandOdec^  the  potentials  well  The 
change  in  the  depm  of  the  weO  is  consistent  with  the 
strength  of  the  attractive  network  for  increasing  salt 
concentrations.  (Chang  et  al.,  1993)  This  modeling, 
combined  with  rheolo^cal  properties  shows  that  the 
salt  additions  have  two  effects.  First,  the  added  salt 
produces  a  short-range  repulsive  potential  for 


3.  IMaximumpsdddgdtrf^dnm 

.  -A. 

Ignoriag  partfete 

ma»4mwm 

Mrtklesha^^MSl 
w  random  oacfiaBa^'i 
produces  a  tetovenncM 
they  am  unaffected  I 
panicle  netwodt  does  nos  < 
identical  mhcm.  (Sooit  m 
1970)  Smaller,  tphodcaf  1 
fn««imnm  density  by  eimm  fittiu  i 
formed  by  the  larger  ighcms  01  <&  IS)  or  1 
the  huger  qiherea  (R  >  OLIS)  m  fcnn  (' 

1980)  letrabedral  anha.  Temhedral  nntta  am  the 
dontiisate  building  blocka  nf  the  dense,  random 
network  (Frost,  1992). 

Furnas  (1928)  described  the  relative  density 
of  biiury  mixtares,  by  two  differem  regiiiiBS 
for  the  cam  whem  the  radius  ratio,  R,  of  the  sew  to 
large  spheres  -»  0.  In  the  first  regime,  where  the 
volume  fiaction  (relative  to  total  solid  volume)  f]  of 
die  larger  spheres  is  <  f|0,  the  larger  spheres  replace 
die  matrix  farmed  by  the  smaller  spheres  and  its 
void  space  to  produce  a  rdative  cooiposite  density 
of; 


♦L 


[i,  S  (3) 


where  9,0  is  the  relative  density  of  powder  formed 
with  the  smaller  spheres.  f|f  is  the  volume  fraction 
where  the  larger  spheres  fonn  a  dense,  randomly 
packed  network  within  the  binary  mixnire;  the 
maximum  relative  density  for  the  binary  mixture 
occurs  when  f|  -  fi”.  In  the  second  regime,  defined 
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by  fi  >  f]®  the  imiBer  spheres  peck  within  the 
interstices  of  the  tworfc  fonned  by  the  rsndom 
dense  pecked  Ivfsr  spheres,  pradncing  s  relsiive 
density  for  the  bisMqr  rnfainre  at 

♦L  *  w 

where  is  the  msxinHim  relsdve  density  of  the 
Isrger  spheres  by  themselves,  b  cm  be  shown  duu 


at  Itfge  end  smell  psiticles  is  larger  relative  to  the 
tetnhedrao  fotmea  by  4  identical,  large  particles, 
the  mixed  system  will  have  a  higte  deu^  retanve 
(0  |]ie  random  dense  packing  of  either  en^member. 
Unfortunately,  this  conceptual  idea  hu  not  been 
fully  formalined  to  produce  m  exact  Mlutinn 


32  Mechanics  of  panicle  packing 


When  the  relative  density  of  powders 
formed  with  either  the  matrix  spheres  or  larger 
spheres  is  equal  to  that  of  random  dense  packug 
(ht**  *¥*  •  0.64),  the  maximnm  idrsKird  d^ty  of 
the  mixtuie  is  -  0.87  and  occus  at  6  >  4***  0.735. 
The  relative  packing  density  of  powtkrs  formed 
with  three,  fotir  or  mote  different  spherical  powdeis 
cm  be  treated  in  the  same  manner. 

Neglecting  for  the  moment  the  effect  of 
inierparticTe  pocendals.  the  idealized  maximum 
packmg  densi^  described  I9  eq  (3)  and  (4)  is  rarely 
achieved  beca^  in  practiioe.  the  size  ratio  (R)  of 
binary  mixtures  is  >  0.  One  reason  for  the 
diacrqpancy  between  ideal  and  observed  maximnm 
paddag  dosity  is  known  to  be  caused  by  the ‘wan 
effoct*.  It  is  wen  know  that  the  walls  of  a  oontiiner 
reduce  the  packing  density  of  la^e,  identical 
spheres  ftom  0.636.  The  reduction  increases  sridi 
the  surface  to  vefnme  tado  at  the  container  and,  for 
a  riven  contaiaer.  with  the  taiio  of  the  particle 
ramus  to  container  radins.  Because  fractions  of 
particles  cm  not  exist  between  the  container  wan 
and  the  first  layer  of  particles  u  would  be  the  case 
if  m  imaginary  plane  replaced  the  waU  in  a  dense 
pocked  network,  this  space  contains  a  greater  void 
volume,  per  unit  volume,  lelative  to  aU  ofoer 
portions  of  the  powder  ffUdgeway  and  Tarbuck. 
1969.  Zok  et  aL  (1991)  reoogniaed  that  the  >iran 
effect'  always  exists  when  smaU  particles  pack 
around  largm  particles.  They  showed  that  each 
larger  sphere  within  a  binary  nuxtnre  increases  ite 
relative  void  volume  in  proportion  to  its  surfoce 
area  per  unit  volume  (relaM  to  4 )  and  the  laAns 
ratio.  R.  In  addition  to  the  'waU  effea',  Zok  et  aL 
(1991)  pointed  out  that  contacts  between  larger 
spheres  will  also  disrupt  the  packing  of  the  smaSer 
spheres,  aixl  thus  increase  the  relative  void  volame 
of  the  binary  atixture.  The  'contact  effecf  was 
related  to  the  avungs  iwdicr  of  large  spheres  that 
contact  one  aaaihar.  which  is  also  related  to  4- 
Although  the  wall  sad  contact  effecu  are 
significau,  ittoffm  only  contribute  to  the  less  dim 
ideal  packiag  Bsacribed  by  Furnas  when  the 
particlm  are  snfflciently  small  to  pack  around  die 
larger  pertides,  via.,  when  R  <  0. 1 . 

When  the  R  >  0.155,  the  Furnas  concept  is 
invalid  because  the  particles  cm  not  pack 

around  networks  formed  by  the  larger  particles. 
Instead,  the  smaller  and  larger  particles  form 
tetrabedra.  Dobbs  (1980)  reasoned  that  because  the 
relative  density  at  tetnhedn  formed  with  a  mixtuie 


When  the  fluid  surroaniSng  the  particles  is  a  gas  (or 
vacuum),  powdeis  contained  wUnn  a  cnmainw  cm 
be  conaoUdaied  (made  denaer)  by  ehhar 
imssing  (die  cai^  and  pfamger)  or  iso'ftcssing 
(e.g..iiibber  bag  in  pressurized  water).  In  this  case 
the  container  walls  or  plunger  apply  pressure 
ditecdy  to  the  powder.  WheadmAutdisallniid. 
the  pemkt  wuhia  the  aleny  can  ha  canaoMsaad 
via  gravity  or  oeairifngal  eedtaweatatiun.  flhtaiaa  or 
sev^  other  oonsoUdiuioii  oMhode  eoidtaeuaaad 


here  (electrophoreeie,  evaporative  drying,  etc). 
Becmee  particles  must  di^lace  thsir  respective 
fluids  during  consolidation,  and  bucanse  the 
viacoeity  at  nqnids  it  aoawh  gnaiar  dum  gaaaa. 


powdcm  fttn  the  tiniiy  amp.  Agsc  SOMlUltice. 
the  powder  compact  is  aaflwaiad.  IW  iwiilive 
doan^  of  the  pmticle  fo  t^^ssfhpssed 

compact  can  he  detsreslMdlwelBgDhiilghBg  thb 

S^hy  evaporrilw  dliyhii^  a* 

aidid  and  UqM  den^  is  nsudsd  lev  iM  salatfva 
density  catculaiion.  Nsairiy.  As  vilaM  at  foa 
powder  is  detsimined  by  dhdifiif  IB  dby  wulght  hy 
Its  density,  and  the  voIum  at  Be  liumd  is 
detennined  by  dividiiig  Be  dtffrreulkil  wnghr  by 
the  density  of  the  llqpid 

An  eppHed  preseuru  is  aer  luquiiud  to 
consolidaiepowderiniadeeflmgapaeiBsa.  What 


large,  identical  ephnrea  (e.g.,  hnl  hnaringa, 
conander  leeda,  etc.)  am  peum  ieaw  a  eeaaiaar 


with  a  email  tnifoee  to  vdanee  imio,  thaw 
iuanediaaly  produce  a  relative  denBqr  of  •  OiiO 
(temied.  looae  random  peddngk  the  niaive  deneiqr 
quickly  inaeaees  to  0.^  after  eome  appieg  On 
Be  otte  hand,  when  a  dry  powder,  compnerd  of 
very  small,  strongly  attractive  particles  is  pouted 
into  t  container,  the  relative  ap  densities  cm  be  < 
0.4.  When  such  ■  po«^  is  either  miaxial  pressed 
or  iso-ptessed,  ia  reUtive  deiaity  increases  wiB  Be 
ipplied  pressure.  The  shrink^  of  Be  powder 
compaei  due  to  consolidation  stops  when  the 
pressure  is  held  consant;  mrii  ineienieiial  increase 
in  pieseure  produces  m  inoemeaial  shiialaige  in  the 
powder  ooBgact,  end  Bns  m  incremental  mcrease 
m  the  relative  density.  As  discusaed  below,  the 
relative  density  vs  applied  pressure  is  a  cooiinnous 
function  in  which  the  normal  and  imgeatial  forces 
It  every  particle  contact  are  in  static  eqatHbriam 
with  the  ^lied  pressure. 

Insight  into  how  particles  cm  be  airmged  to 
produce  a  very  low  density  is  obtain^  by 
watching  a  small  volume  fraction  of  dispersed 
particles,  too  small  to  be  resolved  by  Be  eye,  u 
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(hey  are  attracted  to  one  another  when  the 
interparhcle  potential  is  suddenly  made  attracove, 
e  g.,  by  changing  the  pH  to  the  isoelectric  point  by 
stimng  in  acid  or  base.  As  the  snrred  system 
becomes  quiescent,  one  observes  small,  wispy 
clouds'  of  panicles  that  grow  larger  and  begin  to 
settle.  Scattering  experiments  show  (Schaefer  et  al, 
1984)  that  the  agglomerates  have  a  fractal 
geometry,  i.e.,  their  density  decreases  with 
increasing  distance  Crom  their  center  of  gyration. 
Larger  agglomerates  are  observed  to  fall  onto  and 
collect  the  smaller,  slower  moving  agglomerates 
during  sedimentadon.  At  the  top  of  the  test  tube, 
the  inidally  opaque  slurry  becomes  clear,  whereas 
the  opacity  at  the  bottom  increases  as  the 
agglomerates  pile  up  to  form  a  continuous  network. 
Because  of  their  ftactal  nature  in  suspension,  it 
might  be  suspected  that  the  conanuous  particle 
network,  form^  by  the  packed  agglomerates  is  also 
fractal  at  some  dimension  between  the  particle  size 
and  the  agglomerate  size.  Since  the  volume  fraction 
of  pamles  that  form  the  inidal,  continuous  network 
is  inidally  much  lower  than  t  the  percoladon 
threshold.  4n  ••  0.16,  (Zallen,  1983).  it  must  be 
concluded  that  the  network  is  not  a  random 
distribudon.  but  it  must  have  some  fractal  character 
due  to  its  fractal  building  blocks,  i.e.,  the 
agglomerates.  That  is,  a  random  distribution  of 
parades  at  or  below  its  percoladon  level  could  not 
be  self  supporting.  Thus,  low  tap  densides  in  dry 
powders  and  low  network  densides  fonned  by  the 
sedimentadon  of  agglomerates  must  be  due  to  the 
fewer  connective  particles  between  agglomerates, 
relative  to  higher  connectivity  within  the 
agglomerates. 

As  the  test  tube  is  allowed  to  sit  for  hours, 
days,  weeks,  etc.,  it  is  observed  that  the  height  at 


the  sediment  decreases,  but  given  time,  its  height 
becomes  constant.  When  the  tube  is  centrifuged, 
i^e  height  of  the  sediment  continuously  decreases, 
but  after  a  given  period,  becomes  constant. 
Collimated,  g»inm«  ray  absorption  measurements 
show  that  the  packing  density  continuously 
increases  from  the  top  of  the  sediment  to  the  bottom 
of  the  tube  (Schilling,  1988).  The  mass  of  particles 
above  a  given  height  exeru  a  known  pressure  on  the 
particle  network  telow.  Density  determinations  vs 
the  applied  network  pressure  results  in  a  continuous 
function  that  will  be  discussed  below. 

Pressure  filtration  is  another  method  of 
consolidating  particles  in  a  slur^.  bi  this  method 
the  slurry  is  poured  into  a  cylindrical  die  cavity 
containing  a  fUter  on  one  end  that  can  pass  tire 
liquid,  but  not  the  particles.  When  ^ssure  is 
exerted  on  the  slurry  via  either  a  pressurized  gas  or 
a  plunger,  a  consolidaied  layer  of  puticles  builds  on 
the  filter  as  liquid  passes  thnufh  the  particle  layv 
and  the  filter.  Afkw  anna  nerM  (Tiuer  aad  Tsai, 
1986;  Lange  and  MiQar.  I9t7)  lha  alnry  forms  a 
fully  nnntreidaied  kyar  (aa  vmek  Mnid  as  possibk 
has  passed  throngh  the  fDiar)  aad  ifea  ooaanidaaed 
kyer.  which  now  roaqiianli  ■■Mfi  Aa  applied 
pressure,  has  a  onitampacuafaif^.  Aakiha 
ocher  conaolidation  mediadat  dm  mlHtre  danAQr  of 
die  satunied  powder  fonipafl  k  iTcoadmoas 
function  of  the  applied  preaank 

All  of  the  tjapatimenai  aaMfcbda  deacribed 
above  show  this  a)  the  pattide  netwodt  caa  be  in 
static  equilitarittm  with  aa  applied  pRaaote,  and  b) 
the  relative  density  (d)  of  the  partkle  netwoik 
increases  with  the  applM  preasure  nDnld* 

Figure  S  illnaaaies  plaoaoalaatic  discs  placed 
in  biaxial  compnasioa  a)  befcee  aad  b)  after  an 
incremental  inewaae  in  siraia  that  oaaaed  partick 


Figure  5  Photoelastic  discs  under  bi-axial  compression  showing  isochromanc  fringes  due  to  contact  stresses 
a)  before  and  b)  after  incremental  increase  in  stress.  (Kuhn  et  a!.  1991) 
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reanuigemem  awl  that,  ta  increase  in  the  2-D 
packing  densiiy  (Kahn  et  al.,  1991).  The 
isochrotnatk  fth^n  illntaatB  the  Hemiaa  contract 
strestet  at  prriilloni  where  tooching  panicles  are 
compressed  by  the  remote,  applied  soess.  The 
greater  the  drnsity  of  fringes  within  a  panicle,  the 
greater  the  stress  within  tire  panicle,  ft  should  be 
noted  that:  i)  not  all  particles  suppon  the  same 
stress.  In  fact,  some  particles,  although  touching 
othm,  do  not  supim  any  of  the  applied  stress, 
while  others  are  highly  stressed,  ii)  Fdr  any 
particle,  the  ftxce  (or  stress)  at  eve^  contact  is  not 
identical,  iii)  the  contact  positions  are  not 
symmetrical  around  any  particle,  and  the  stress  at 
each  contact  is  not  idendcal,  yet  the  network  of 
particles  is  in  stadc  equilibrium  with  the  applied 
pressure.  Namely,  the  vector  sum  of  all  forces  at 
each  parole  is  am.  iv)  At  most  contacts  the  fringe 
panern  is  not  perfectly  symmetrical  acrou  the 
contact;  i.e.,  bom  normal  and  shear  stresses  exist  at 
most  contacts,  v)  After  rearrangement  (Fig.  5  b) 
the  density  of  isochromadc  fringes  is  reduced  in 
each  particle  despite  the  incrementally  greater 
applied  stress. 

The  photoelastk  observadons  support 
computer  sttBuladons  (Ctmdall  and  Stracfc,  1979) 
which  show  that:  i)  that  many  interpenetrating, 
peicoiative  particle  networks  exist  withm  a  powder 
compact  that  collectively  support  the  appliea  stress, 
ii)  A  diatribndoo  of  normal  forces  exist  between 
particle  pairs  which  spans  between  sero  (a 
significant  fraction  of  particles  do  not  support  any 
applied  stress)  and  a  valoe  much  larger  than  an 
avenge  value. 

Based  on  the  fact  that  the  contaa  poaitioos 
and  their  stresses  sre  not  symmeirical  and  on  direct 


observations  that  Iteysiaae'  particles  are  'posher 
into  a  vacant  region  u  the  irolied  pressure  is 
iacremenuUy  increased,  Kuhn  et  al.  (1991) 
ptopoand  that  the  powder  increaaes 
denniy  via  a  paiticfa  wnBonpint 

snap-throngh-biicUe'  ahniriisd  in  dn.  IjM 
reasoned  that  although  dw  MRolaiiva 
contact  fotoei  cat  be  in  <Mfe  eqiiUbi^ 

a^acent^arvai^^sn,  would  undergo  laeniMBl 
displacement  upon  mcremental  stressing  unsill>|g 
geomcmical  aiiangement  suddenly  became  mm0k. 
This  phenomena  would  be  analogous  W.At 
instshuiv  of  ihu  knysaaoe  in  the  Roman  arch  duu  IP 
an  overioad  vM  not  only  leads  u  dw  caaatraphfe 
collapse  b«  also  the  catastru^ 

collapse  of  the  cathedrsL  Bap|i 

catastropUs.  event  ics^  in  a  new  nctwmfc  of 
connucttvaAirtcles  and  a  new  network  of 
perooladag  {bn«  ia'^latic  equilibrium  with  a 
sii^dy  larger  pitieure 


Figure  6  describes  the  sequential  analytical 
steps  used  to  determine  critical  force  for  the  'snap- 
through-buckle'  event  for  the  2  dimensional 
example  where  the  vacant  position,  which  can  just 
accommodate  one  unit  sphm,  is  surrounded  by  6 


identical  spheres.  The  pressurized,  cylindrical  shell 
(Fig.  6b)  of  powder  confining  the  6  touching 
peitkies  has  the  elastic  properties  associated  with 
Hertzian  elasticity  (a  «  described  by  Walton 
(1987).  An  extra  force,  F,  directed  towards  tht 
vacancy,  is  applied  to  one  of  the  6  particles.  This 
'extra'  force  represents  the  difTerential  force  above 
an  average  value  for  which  all  ocher  particles  within 
the  ring  are  subjected.  The  problem  consists  of 
detennining  the  relation  betw^  the  'extra'  force 
and  the  change  in  the  particle  comiguration 
described,  e.f..  through  tte  ai^  (•)  between 
adjacent  particles.  Figure  6e  describes  the 
inciementsl  displacement  of  tbe  particle  with 
increasing  0.  Fignre  6d  tiutws  the  calculated  F  vs 
^  plot,  illuaoating  that  die  system  is  stidile  for  60*  £ 
^  i  70.5*.  but  unstable  when  •  >  70.5*,  where  F 
exceeds  its  maximum  (and  critical)  vaho.  It  can  be 
shown  that  the  critical  value  of  F  decreases  with 


♦..nir 


Figure  6  Reartugement  of  particles  via  the 'snap- 
through-buckle'  mechanism,  a)  pictorial,  b)  the 
Lam6  shell  of  powder,  c)  progressive  displacement 
of  particles  with  increasing  force,  d)  force  vs  angle 
showing  critical  phenomenon.  (Kuhn  et  al,  1991) 
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incTeasiag  pmsnn  intkd  to  dw  powder  'shell*. 
The  analytu  leyanM  by  Kahn  et  al.  (1991) 
usuined  mctioiiliM  iiiclei .  It  can  be  imagined 
that  higher cridcal  awM of  F  aneequiied  when  die 
coeffidem  of  fticdMilh  fiaiie. 

With  an  inciwentil  incnase  in  the  applied 
pressure,  the  original  equilibrium  network  can  be 
stiddenly  disupted  by  catastrephic  evenu  described 
as  'snap-through-bockle'.  Ineae  events  lead  to 
particle  rearrangetnent,  the  fonnaiion  of  a  new 
particle  netw^  in  equiltbriutn  with  the 
UKrementally  inenaaed  pream  and  aa  incwatental 
iacreaae  in  relative  density.  Although  the 
reamagemeat  event  leading  to  the  increase  in 
density  can  be  deecribed.  the  ndation  describing  the 
equilibrium  relative  density  vs  the  sppbed  BBsam 
has  yet  so  be  derived  fimn  first  prindpals.  mtwo 
common  empirical  relations  describing  the 
experimental  tdaiive  density  vs  pressure  dm  sre 
ptreer  law  snd  logaridimic  ftmctioos.  viz., 

♦  *  CP“  (m  <  l.and9  S  9^)  (d) 

and 

9  »  Aln(P)  +  B  (9  «  9«i)-  O) 

In  a  slightly  different  fimn.  the  power  law  relation 
wu  naed  by  Buseal  and  While  (1987)  to  'beck 
csiculam'  the  deasity  geadiedt  witto  a  centriftiged 
compaa  with  knowie^  of  the  presnire  gradienL 
The  logarithmic  ftinction  is  the  dominant  function 
used  by  processing  engmeeis:  many  other  enqniical 
relations  exist  (Benbow,  1983).  Figure  5 
schematically  ilhistraies  the  logarithmic  function 
with  3  dtffemt  powders,  each  related  to  different 
friction  coefficienu  between  particles  via 
interparticle  potentials  discBssed  Wow.  Each 
describe  the  range  of  pwiure  where  the  relative 
doisity  is  pressure  sensuive. 

Particle  rearrangement  leading  ce 
densification  via  the  anap>ihro«gh'bucfcle' 
mechanism  dramatically  changes  the  mstribotioo 
conuKt  stresses  because  it  drsmatically  changes  the 


Log  (Preaeurc) 

Figure  7  Schematic  of  linear-log  function  describing 
pressure  sensitivity  of  paiticle  packing. 


particle  distribution,  and  thus  the  percolative 
networks  that  transmit  the  applied  pressure. 
Another  way  to  (hamarically  coange  the  percolative 
nenrock  is  to  timply  unloed  the  stressed  oetworic. 
Durinfl  nnloeding,  relatively  large  strains,  stored 
priinarily  at  the  contact  poeitions  and  denaribed  by 
hertx  (Timoshenko  and  Goodier,  1931)  are 
relieved,  cmianji  particle  rearraagemeat  without 
significant  deasmWion.  Upon  tcloediag.  a  new 
connective,  preeeure  ■ammning  aetwoR  forme. 
This  new  aetwork  baa,  MatiawaQy,  a  greater 
probahiliqt  of  uadaignimg  reantangnacas  daring 
reloadiag  via  the  'saagHferongh-bom' 
relative  to  the  network  met  exiatad  prior  to 
unloading.  For  ihta  wawn,  the  Heraiaa  eleatic 
behavior  expected  for  a  powder  compact  (o 
can  not  he  oboerved  diring  londtag  a  previoualy 
consolidated  powder  compact  natil  »  relative 
density  hae  reached  iia  maximnm  valae  (9 
Instead,  during  reloading,  one  oheerveaeninflectirai 
in  the  load  vs  deflection  carve  at  icladvely  low 
stresses  (Lange  and  hfilkr.  1917),  Bach  nda 
iirmen  thf  infhrrim  iwiM  m  Idghnr  Inmli  Mor 
to  the  inflection,  the  data  laggaaM  Hmndaa 
behavior.  After  each  eyda,  oaa  ohamvad  aa 
iacremeaiaL  aow-racowaiihle  Mtata,  ata«  each 
toad^  ead^anhmi^  cy^  taewarea  ftftjiBMiva 
deaaity.  HaniiMt.  bahavier  cat  oaly  ha  dtamvad 
dnrtag  arioadtag  (Laaga  aad  MDlik,  lab  Iha 
efhctofcydfcloatBBgoadtaitiativadiMi^rfm 
alumina  powder,  »ggi««— gp  spnw  AjAghaa 
reoea^  baaa  i^poctnd  by  Kkn  aid  Saa  (1992). 
Their  tarn,  pfoaed  ta  a  linear-log  ^  s»  reg  ^ 
illiiiiiiiri  mei  i  jii  lii  i  lenieriinn  i  m  ighMli  aiiilj 
increaw  the  relative  density. 

Hfure  S  also  shows  font  the  avow  contact 
street  docreascs  after  naaesagmeat  aUmsagh  foa 
applied  wrets  ia  iacreaMomily'laipr,  Ufoiatoha 

meaaa  that  a  man  percolative  netweik'aow 
tupporu  the  slightly  higher  pressure,  sad  foas.  dm 
svenge  focce  betwWi  ooaiacts  is  expeemd  to  be 
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Pttaun  (MPa) 

Figure  8  Effect  of  cyclic  siressiira  on  pecking 
density  of  dry  alumina  powder.  (Kim  snd  Son, 
1992). 
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smaller.  Aamug  that  each  contact  force  is 
identical  »  aB  odiei^  Helk  et  al  (1982)  used  the 
ptindpie  ot  ^inul  work  so  desermine  the  avenfe 
contact  tact  hatweea  identical  spheres  (radius  R). 
subjected  to  a  lemDte  pressure  (P)  as  a  function  of 
their  average  coordination  number  (Z,  average 
number  of  neighboring  spheres  touching  any  oiha 
sphere),  and  volume  fracdon  (d.  relative  density). 
By  equating  the  incremental  work  done  on  He 
particle  by  the  contact  forces  to  the  incremental 
work  done  by  the  applied  pressure  on  a  unit  network 
of  radius  Ro  (■•  R  d**^)  surrounding  the  patnefe 

ZFdR  »  P(4*Ri]dR,.  (8) 

the  avenge  focoe  per  contact  can  be  determined  as 


tePR* 

Zd 


(9) 


Knowing  that  the  avenge  coordination  number  of 
any  identical  particle  is  given  by  (Zok  et  al..  1991) 


pressure  sensitivity  of  dispersed  systems  is 
generally  only  obeyed  at  very  low  network 
pressures  obsoved.  e.g.  during  sedimentation  or 
low  'g'  centrifugation  exnetimenu  (Oiang  et  al, 
1993).  On  the  other  hand,  attractive  interparticle 
potentials  due  to  the  van  der  Waals  poseanal  akme, 
whether  the  powder  is  dry  or  in  the  slurry  state, 
alway  produce  a  much  lower,  very  pressure 
sensitive  relative  density.  Ahhongh  the  data  is  very 
recent.  Hg.  9  also  suggests  that  shon-range 
repulsive  posentiala  can  unpaR  pnaanre  inaenaittvity 
and  high  packiag  dennitieB  ID  pomden. 

etaL(1993)whandispeged^4),Oocced(iep» 
pH  9)  and  OHWriMBd  4 -f  NHsO)  ahuiies  were 
conaoHdased  by  eaamagaalna.  At  very  low 
centriftige  waadi,  the  pnrMiig  density  eras 
deiermiiind  by  a  cnUhnaM,  x-cay  absorption 
method;  at  speeds;  ano  dsMlqp  gtaAenis  were 
ignored,  and  the  lapewed  danalqf  is  an  average 
value.  Hgnre  4  shows  eadmnnd  tnietpartide 
potentials  lor  these  almiea.  At  aanreik  ptesaures  < 
0.3  MPa,  the  tknsiiy  of  biah  nty—rf  •ui 


(10) 


then  the  average  contact  force  can  be  related  to  P,  R 
andg  as 


.  4.PR'*_ 


(11) 


where  dniai  is  the  maximutn  packing  density  (daus 
a  0.63b  for  identical  spheres)  and  Zmax  it  the 
average  ooordinatiao  nutnber  when  the  perries  are 
packed  to  their  tnairiinum  density  (for  idendod 
tpbeies  Zmn  is  between  7  and  8,  wtaen  4—..  > 
0.636).  Eq  (11)  shows  that  the  amana  cootact 
force  will  dramatically  decreaae  widtan  mereaae  In 
relative  density  u  shown  in  Fig.  3;  also,  the  tverage 
contact  force  will  be  much  larger,  at  tba  tame 
pressure  and  relative  density,  when  the  pertide  sine 
is  smaller. 

It  might  be  noted  that  the  average 
coordination  number  of  identical  rehetes  touchiiig 
the  container  wall  is  Zwaii  >  0.73  Znux,  (Bouvaia 
and  Lange,  1992)  and  thus,  the  average  force 
between  these  pretides  is  4/3  greater  then  between 
interior  peiticlei  A  density  gradient  should  exist 
foom  the  wMlfo  the  intarior  because  of  the  greater 
contact  fadhaa  hatween  particles  near  the  wall. 


4  EFFECT  <3P  INTERPARTICLE  POTENTIALS 

As  schematically  illustrated  in  Fig.  9,  long-range 
repulsive  potentials  generally  produce  hi^,  and 
relatively  pressure  insensitive  packing  densities 
when  the  applied  pressure  is  >  O.S  MPx  (Lange  and 
Miller,  1987,  Fennelly  and  Reed,  1972)  The 
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Hguie  11  Piddng  of  Si3N4  powder  vs  iniopaiticle 
posenoaL  (Luifaer  et  il,  1993) 


coeguleied  poticles  ■«  pieswre  sensitive,  with  the 
dtmiiy  of  the  pradHed  with  the  <*wgtii«»«»«i 
slnnies  lower  thsa  those  produced  with  the 
dispersed  sfaary.  As  observed  ^  others  for  lUs 
powder  (Lange  sad  hfiUer,  1987;  Pennelly  and 
Reed.  19^).  the  flooced  staRv  is  very  pnssnn 
sensiiive  end  dieir  leladvn  deasines  SR  signifleaady 
lower.  SinQar,  hot  oneh  less  extensive  dais  was 
tetwried  by  Velmalnmni  et  aL  (1990),  with  the 
discovery  of  the  shoct*nnge  lepnlsive  poteadd  for 
salt  added  shories.  Chang  etaL  (1991)  also  showed 
that  the  coagwlaaid  sharies  ate  sufficiently  strong  to 
pieveai  lanss  syepiion  during  centiifamiiaa  at 
two-phase  (Al2(^  *  ZiOj)  shaii^  but  sdncieady 
weak  to  produce  a  rdadve  density  that  is  eiifaer  near 
tn  Hm  mmmu  twhrii.1!  ThlS 

ohaervadoa  is  significant  for  the  cenmic  prooesew 
who  can  now  rani  eaginnaring  components  via 
cennifltgadon  without  mass  segiegatinii  and  achieve 
a  uuiforai  packing  density. 

As  shown  in  Bg.  11,  anempts  by  LadMr  et 
al.  (1993)  to  produce  a  short-range  repulsive 
potential  ^  the  method  of  addhig  salt  to  agnaneS) 
dispersed  SijNa  slurries,  have  not  been  as 
sucoessfuL  Although  iheolo^cal  data  show  that  dn 
added  salt  (>CCQ  does  produce  a  weaker  panicle 
network  relative  to  the  van  der  Waals  potential 
alone,  the  packing  densities  are  intennediaie  to 
those  achieved  wim  dispened  and  flocoed  ahniiso, 
and  they  never  achieve  the  maximum  paf.klng 
density,  bMBt  ororAepnasare  range  investigated. 
In  adffltion,  ahhe^te  AigOy  bodies  formed  widi 
the  megnlaiiid  added)  dnriies  are  plastic  after 
consolidation  Cdw^ed  iar  maiw  reasons,  e.g.,  new 
shape  formiiig  MUhelbgies),  bodies  formed  from 
dupened  and  coagidBied  SiyNa  sluiiies  are  britde, 
viz.,  they  ftactnie  before  they  undergo  plastic 
deformation.  The  Hamaker  constant,  and  thus 
magnitude  of  the  van  der  Waals  potential,  of  SiaNa 
is  4  to  5  times  greaw  than  that  fof  Al^Os  for  a 
comparable  particle  size.  This  and  other  (Ufferences 
can  only  be  correlated  to  particle  packing  and 
rheology  once  the  phenomena  responsible  for  the 


Smbedtareaddf  taaRdtowsarnHaHr 
W«ia  peiantial  dna  t»«lMrtsdJ|||KaN»  ff 

diflbnni  length.  (BugangmeiaL.  1919^^  _ 


short-range  repulsive  pnwniial  in  salt  added  tfwmm 
is  betinr  known. 

Althoo^  short-ianii  rapnialvu  nosandala 
induced  in  dispened  sluniea  wiA  attai  sak  may 
nor  be  canently  effective  in  S^Ns  siBDias,  Kimaer 
and  Lange  (19n)  have  reoendy  shown  that  cheaa- 
absorbed  hydro-emboa  chahm  boaad  by  dM  sasime 
hythoatide/iilcohol  leactioB  disetmsed  above  is  very 
effective  for  organic  Ihiuid  sliaiiea,  when  dm  chaia 
length  is  >  1  ma,  out  <  2  am.  theology 
measaremenis  show  that  the  alkylated  powden  aro 
weakfy  attractive.  Although  extensive 
OBBSOudStiOO  CXpCVIflBfiJttS  QOC  O0C9 
far  these  different  alkylated  powders,  the  amslmum 
packing  for  this  powder  (9m  0.60)  is  achieved  at 
modest  presames  during  pressure  filtration,  whereas 
powden  which  are  not  alkylated,  only  pack  to  a 
leiative  density  of  0.52.  In  addition,  although  phys- 
adsorbed  alcohols  also  produce  weakly  attractive 
nerwocks  in  the  slurry  state  (•■  10  times  the  amount 
of  alcohol  is  lequired  relative  to  the  chem-adaorbed 
slurries),  the  weakly  bonded,  phys-adsorbed 
molecnles  are  pushed  sway  during  particle  pack^ 
as  demonstrated  by  the  packing  densities 
intermediate  to  9m  that  of  the  flooced.  These 
consolidated  bodies  are  also  brittle  instead  of 
plastic. 

Data  repor^  by  BergstrOm  et  aL  (1992)  and 
shown  in  Fig.  12  is  the  only  other  sysieinatic  smdy 
of  the  effect  of  short-range  repulsive  potentials  on 
particle  dicing  known  to  the  author.  In  this  case, 
the  A^Os  slurries  were  formulated  with  phys- 
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adsorbed  fUQF  acida  of  difliBRnt  molecular  wei|ht. 
Less  preaaam  sensitivity  and  higher  packing 
denaiaes  wen  achieved  for  the  organic  slutry  wits 
the  largest  plp-edsorbed  molecule,  but  in  all  other 
cases,  the  mnidBHim  inking  density  was  never 
achieved.  Instead,  at  higher  pressures,  the  relative 
density  plateaus  at  a  relative  density  that  decreased 
with  the  molecular  weight  (or  molecule  length)  of 
the  fatty  acid.  This  obaervatioo  suggesu  that  the 
phya-adsoited  molecules  were  pushed  away  from 
the  surface  when  the  force  between  pmclea 
exceecM  the  strength  of  the  phys-adsorbed. 
molecalar  bond. 

Yen  and  Chaki  (1992)  have  recently 
reported  packing  limwlations  with  an  algorithm  that 
includes  the  van  der  Waals  potential  and/or  the 
ooefBdentoffSriction.  Their  simulation  starts  with  a 
low  density  (g  «  0.36)  diaaribuiiaa  of  identical,  iraa 
spheres  that  pack  under  the  force  of  pavity  alone; 
they  include  Hertzian  contact  forces,  fhctiooal 
forces  and  the  van  der  Waala  potential.  Table  I 
illustrates  that  without  friction,  they  simulate 
random  dense  packing  (gau  *  0.633)  and  the 
attractive  van  der  Waals  potential  haa  a  effect 
on  pattk^  packing. 


Table  1  Simnlatkm  Resohs,  Yen  and  Oiafci  (1992) 


Diameter  (bon  Spheres) 

50  pm 

100  pm 

NoFticliM 

a633 

With  Fitictiao*,  (i  •  0.3 
With  van  der  Waala 

0478 

antifriction,  ii«0.3 

0.420 

0428 

)i»0.7 

0.505 

*  X  10'^  J 


Finally,  it  sbould  be  noted  that  srhen  the 
panicles  are  ven^  smsO,  e.g.,  diamraws  <  100  nay, 
long-range  rep^sive  potentials  can  limit  Omlr 
itiaximnm  relative  density  because  the  gnwli^ 
appear  larger  than  theime  vdmne.  Thatls,wha 
their  equiUbiium  separation  distance  (He  in 
is  a  significant  fmtion  of  their  radins,_their 
effective  volume  will  control  their  tnaxhanm 
packing  density.  For  this  reason,  short-range 
repulsive  potentials,  where  equilibrium  separation 
distances  are  <  3  me.  ate  important  in  adtisvini 
high  packing  densitieB, 


S  SUMMAfir^ 

It  is  obvioas  that  touching  particles,  in  elutw 
cooOKt,  Le,.  particles  affected  by  the  van  der  Waals 
wntMitiai  alone,  will  resist  rearrangement  doe  to 
sliding  friction.  Using  the  surface  force  apparatus 
in  a  sliding  mode,  Hoinda  et  al.  (1989)  have  shown 
that  the  sto-iange,  repulsive  hydration  poten^  on 
mica  sutfeces  produces  a  low  coefficient  of  friction. 
They  also  showed  that  when  the  mica  surfaces  are 


in  contact  due  to  the  van  der  Waals  poeenrial  alone, 
the  surface  fractures  during  sliding.  It  is  also 
obvious  that,  in  some  way,  both  shon-  and  long- 
range  repulsive  potentials  make  the  particles 
slippy.  In  both  cases,  the  particles  are  not 
touching,  but  held  apan  by  some  separation 
distance,  even  though  the  contact  positions  can 
undergo  sock  elastic  deformation.  Holding 
surfaces  apart  during  sliding,  so  that  fewer  surface 
asperities  tub  one  another,  is  a  desiaa  featnte  of  air 
t**^***!*  Although  the  effect  el  the  rraulsive 
potentials  is  a  theoretical  problem  for  the 
iribologist.  it  is  well  known  »  all  of  ns  that  the 
apparent  Inbcicatian'  fsh  between  two  sontii  pole 
*— as  they  ate  puahad  togetiter  is  not  doe  so 
the  sir,  but  caused  by  the  mpuuive  potential  itself. 
Ukn-wiae.  te  ease  in  uMch  hMtiki&lies  CM  ooenr 
between  particles  that  ispel  one  ano*ar  at  eithar 
short-  orioiM-tanpes.  must  be  dne  to  the  repulsive 
force  fidd.  Expenmental  data  also  suggests  that  die 
phenomena  that  gjvm  lias  to  the  tepuBve  teice  can 
also  be  pushed  nway  as  *e  panklaa  ate  pudwd  inm 


iheolodS'moBmil^S^a^mvwS'aikma^ 

enough,  iheu  after  famtia^  ma  bodg  daim  das  to 
itsweiahL  If  fta  yield  saem  is  toe  bugs,  *e  body 
is  brioue.  Le„  it  Bacniies  befteo  it  flows.  Sbmv 
mge  !»"«*««*«>«  impart  desirable  plastic  behavior-a 
nqm  of  another  review. 
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The  relation  between  relative  packing  density  and  applied  network  pressure  has 
been  studied  by  centrifugation  for  aqueous  slurries  of  AI2O3  powder  prepared 
with  different  interparticle  potentials.  Attractive  interparticle  potentials  were 
obtained  by  either  changing  the  pH  to  the  isoelectric  point  or  adding  an 
electrolyte  in  excess  of  that  required  to  produce  coagulation.  A  range  centrifi;^ 
speeds  produced  consolidation  pressures  between  ID**  MPa  and  10  MPa.  At  lower 
centrifugal  speeds,  the  packing  density  gradient  was  determined  with  an  X-ray 
absorption  technique.  It  was  determined  that  a  maximum  packing  density  (0.62  ± 
0.02)  was  achieved  for  both  dispersed  and  coagulated  slurries  at  network 
pressures  in  excess  of  0.5  MPa.  At  lower  network  pressures,  the  packing  density 
of  these  slurries  was  pressure  dependent.  Significantly,  slurries  flocculated  by 
adjusting  the  pH  to  the  isoelectric  point  never  reached  high  packing  densities  at 
the  largest  pressure.  Our  findings  are  discussed  in  terms  of  the  relationship 
between  the  consolidation  stress  required  to  achieve  a  given  particle  packing 
density  and  the  expected  interparticle  potentials  in  the  slurries  that  were 
studied. 

•Member  of  the  American  Ceramic  Society 
Introduction 

The  properties  of  ceramic  bodies  prepared  from  colloidal  slurries  can  be 
improved  by  controlling  the  interparticle  potential.  Lange  and  Miller^  and 
Velamakanni  and  Lange^  have  found  that  the  highest  packing  fractions  are  obtained 
when  the  starting  slurry  is  fully  disjjersed,  i.e.  when  the  pH  is  adjusted  so  that  the 


interparticle  force  is  dominated  by  long-range  repulsive  p>otentials.  Also,  bodies 
consolidated  from  these  dispersed  slurries  are  less  prone  to  cracking  because  they 
can  more  easily  relieve  internal  stresses  during  the  strain  recovery  that  occurs  when 
the  pressure  is  released.^  Long-range  repulsive  potentials  in  the  dispersed  slurry  are 
responsible  for  both  the  ease  of  particle  rearrangement  during  packing  and  the 
body's  'plastic'  behavior  that  helps  relieve  residual  strain  after  consolidation.  In 
contrast,  the  highly  attractive  interparticle  potentials  in  slurries  flocculated  at  the 
isoelectric  point  produce  a  very  cohesive  particle  network  which  hinders  particle 
rearrangement  during  packing.  They  also  produce  a  relatively  'elastic'  body  after 
consolidation  that  dissipates  stored  strain  energy  by  cracking.  However,  there  are 
disadvantages  associated  with  compacts  made  brom  dispersed  slurries  that  often 
outweigh  the  advantages.  For  example,  slurries  containing  two  or  more 
components  often  are  inhomogeneous  after  either  pressure  filtration^  or 
centrifugation^  because  of  mass  segregation  and  phase  separation.  In  addition,  the 
absence  of  attractive  interactions  in  bodies  consolidated  from  dispersed  slurries 
allows  them  to  flow  and  lose  their  shape  after  being  removed  from  the  die  cavity. 

However,  it  has  been  recently  discovered^  that  attractive  alumina  particle 
networks  produced  by  the  addition  of  salt  can  achieve  high  packing  densities 
without  particle  segregation^  and  have  plastic-like  rheological  properties.^  These 
slurries,  termed  coagulated,  are  prepared  by  adding  a  high  concentration  of 
electrolyte  to  a  slurry  that  initially  had  a  highly  repulsive  potential  at  a  pH  well 
below  the  isoelectric  point. 

Rheological  measurements  of  the  yield  stress  and  viscosity  of  these  AI2O3 
slurries^  show  that  a  network  exists  whenever  the  electrolyte  concentration  is  above 
the  critical  coagulation  concentration  (c.c.c.)  and  that  the  network  strength  increases 
with  the  amount  of  electrolyte.  However,  there  is  a  limiting  concentration  of 
electrolyte  beyond  which  the  network  strength  does  not  increase  any  further. 


Significantly,  this  limiting  value  of  yield  stress  is  an  order  of  magnitude  less  than 
that  of  a  flocculated  slurry  prepared  at  the  same  volume  fraction.  Because  the 
particle  network  in  coagulated  slurries  is  much  weaker  relative  to  flocculated 
slurries,  particle  rearrangement  is  expected  to  be  easier  and  lead  to  higher  parking 
densities.  In  addition,  it  should  be  |x>ssible  to  eliminate  mass  segregation  effects  in  a 
coagulated  slurry  since  the  viscosity  of  the  slurry  is  high.  A  possible  explanation  for 
these  rheological  properties  is  that  a  short-range  repulsive  potential,  perhaps 
produced  by  hydration  layers,  is  present  in  the  coagulated  systems  that  allows 
particles  to  be  attractive,  but  non-touching.8 

Colloidal  slurries  can  be  consolidated  into  dense  compacts  by  pressure 
filtration,  by  capillary  pressure  (slip-casting),  and  by  sedimentation  as  in  a 
centrifuge. The  latter  technique  has  been  studied  theoretically  and 
experimentally  for  the  case  of  hard  sphere  dispersions  and  flocculated  networks. 
Buscall  and  Whitens  and  Auzerias,  Jackson,  and  Russel^O  have  presented  models  for 
relating  the  volume  fraction  to  the  pressure  gradients  in  the  centrifuge  tube. 
Schilling  and  Aksay^^  demonstrated  how  gamma-ray  attenuation  measurements 
could  be  used  to  study  packing  evolution  of  alumina  sediments. 

In  this  study  we  show  how  a  systematic  variation  in  network  strength  effects 
the  particle  packing  density  in  alumina  slurries  undergoing  centrifugation.  Results 
are  presented  for  dispersed  slurries,  coagulated  slurries  containing  different 
amounts  of  electrolyte,  and  flocced  slurries  at  the  isoelectric  point.  Particle  packing 
gradients  are  obtained  with  a  simple  x-ray  and  image  analysis  technique  and 
pressure  gradients  are  calculated  with  the  usual  equations  for  flocculated 
slurries. '5,20  we  find  that  our  results  on  these  materials  are  consistent  with 
previous^  rheological  measurements  of  the  shear  yield  stress  and  viscosity  and  that 
they  confirm  the  advantages  of  using  slurries  coagulated  with  an  electrolyte. 
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2.  Experimental  Procedure 

As  described  elsewhere^,  aqueous  slurries  containing  0.20  volume  fraction  a- 
AI2O3*  were  prepared  at  pH  4  and  9.  Slurries  at  pH  4  were  prepared  without  added 
salt  and  ^vith  NH4CI  at  concentrations  of  0.25,  0.50,  1.0,  1.5,  and  2.0  M.  Slurries  at  pH 
4  without  added  salt  are  dispersed  whereas  those  that  contain  salt  are  beyond  the 
critical  coagulation  concentration.  These  latter  slurries  are  called  coagulated 
whereas  those  at  pH  9  are  called  flocced. 

The  slurries  were  centrifuged  in  tubes  (27  mm  in  diameter  and  115  mm  in 
length)  with  conical  bottoms.  In  some  cases  the  conical  bottom  was  filled  with  an 
epoxy  resin.  Two  centrifuges  were  used  in  order  to  cover  a  range  of  centrifugal 
pressures.  The  centrifuge  that  produced  low  pressures  *>  (<  1  MPa)  was  equipped 
with  a  swinging  bucket  rotor,  while  the  one  that  produced  higher  pressures  ^  was 
equipped  with  a  fixed  angle  rotor. 

Prior  to  other  experiments,  the  time  required  for  the  particle  networks  to  pack 
to  a  relative  density  that  was  in  static  equilibrium  with  the  applied  centrifugal  speed 
was  determined  by  monitoring  the  height  of  the  consolidated  body  within  the  tube 
as  a  function  of  time.  Figure  1  illustrates  representative  results  of  these 
experiments.  Our  typical  procedure  was  to  prepare  a  slurry,  add  it  to  a  previously 
weighed  centrifuge  tube,  and  then  weigh  the  tube  again  before  centrifuging.  In  all 
but  two  cases,  the  supernatants  were  poured  off  after  spinning,  and  the  tubes  were 
reweighed.  After  being  placed  in  a  drying  oven  at  60‘’C  for  several  days,  the  tubes 
and  compacts  were  weighed  again.  Assuming  only  water  evaporated  during  drying, 
the  average,  relative  packing  fraction  of  the  samrated  compacts  was  calculated  using 
known  densities  for  AI2O3  and  water.  Any  NH4CI  not  poured  off  in  the  supernatant 


*  Sumitomo,  Japan,  AKP-15 
lEC  Size  2  Model  V 

^  Dupont  Sorvall  RC-5B  with  rotor  SS-34 
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of  the  coagiilated  slurries  was  accounted  for  in  the  determination  of  relative  packing 
fractions. 

The  gradient  in  relative  packing  fraction  was  determined  for  saturated 
compacts  formed  at  the  two  lowest  centrifuge  speeds.  These  specimens  were 
allowed  to  spin  for  more  than  12  h.  Their  final  packing  fraction  gradient  was 
measured  using  x-ray  absorption  analysis^*  and  an  image  analyzer*  without 
removing  the  supernatant.  Since  x-rays  are  absorbed  in  proportion  to  the  density  of 
objects  on  the  same  thickness,  the  transmitted  x-ray  signal  (gray  scale  reading)  is 
proportional  to  the  relative  density  of  the  consolidated  powder.  The  x-ray 
instrument  allowed  the  specimens  to  be  analyzed  in  their  vertical  position,  such 
that  the  loosely  packed  portions  of  each  compact  was  not  disturbed.  The  gradient  in 
packing  fraction  was  related  to  x-ray  gray  scales  obtained  from  identical  tubes 
containing  0.10,  0.20,  0.30,  and  0.40  volume  fraction  of  dispersed  AI2O3  sltirries.  The 
x-ray  gray  scale  of  each  calibration  slurry  was  scanned  in  the  vertical  direction  along 
the  centerline  of  the  tube,  and  the  gray  scale  reading  at  ten  different  points 
(excluding  ends  as  discussed  below)  was  measured  to  obtain  an  average  value.  The 
gray  scale  values  of  the  centrifuged  specimens  were  determined  in  an  identical 
manner,  with  readings  taken  every  0.3  to  0.6  mm  from  the  top  to  the  bottom  of  the 
compact.  Using  the  calibration  curve,  the  gray  scale  measurements  were  converted 
to  relative  packing  density.  In  all  of  the  specimens  studied  with  x-ray  absorption, 
the  conical  bottoms  of  the  tubes  were  filled  with  epoxy  in  order  to  eliminate  the 
confusion  of  gray  scale  readings  associated  with  changes  in  sample  thickness. 

Packing  density  data  as  a  function  of  distance,  h,  from  the  top  of  the  compact 
was  used  to  calculate  the  pressure  along  the  length  of  the  tube  using  the  following 
equation 

IRT  Mendel  257  Fluoroscan  X-Ray  Inspection  System  &  IRT  HOMX-161  microfocus  X-Ray  system  with  a 
spot  size  of  nominally  lOpm,  San  Diego,  CA 

®  ADR  System  700  Automated  Digital  Radiography  Software,  IRT  San  Diego,  CA 
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nh)  =  Ap(2*v)' /<»•  0(A’)(R  -(L  -  A')]  +  Po .  (1) 

0 

Here  Ap  is  the  difference  in  density  between  AI2O3  (p  =  3.98  g/cc)  and  water,  v  is  the 
rotational  frequency,  ^(h)  is  the  packing  density  as  a  function  of  the  distance  (h) 
from  the  top,  R  is  the  distance  from  the  center  of  the  rotor  to  the  bottom  of  the 
compact,  and  L  is  the  equilibrium  height  of  the  compact.  Pq  is  the  pressure  due  to 
mass  of  particles  at  the  top  of  the  compact  where  density  measurements  were 
inaccurate  due  to  the  edge  effect  described  below.  The  estimation  of  Pq  is  described 
below.  Friction  effects  at  the  container  wall  were  neglected. 

Gray  scale  gradients  at  the  edge  of  specimens  (termed  the  edge  effect)  are  a 
result  of  x-rays  of  a  point  (or  line)  source  that  projects  through  specimens  of  fixdte 
thickness.^  To  ensure  that  these  edge  effects  were  not  a  major  source  of  error  in  d\e 
density  determinations,  a  solid  aluminum  rod  was  examined  with  approximately 
the  same  dimensions  and  positioning  within  the  x-ray  instrument  as  the 
centrifuged  compacts.  This  calibration  showed  that  the  density  was  uniform  (±1.5 
%)  for  all  portions  of  the  specimen  except  for  the  top  4  mm  and  the  bottom  1.2  mm. 
Thus,  only  gray  scale  values  in  the  center  portion  of  each  specimen,  which  excluded 
these  top  and  bottom  portions,  were  used  to  determine  the  relative  packing  density. 

In  order  to  determine  P©  in  eq.  (1),  the  mass  of  the  particles  in  the  top  4  mm  of 
the  compact,  mt,  was  estimated  by  subtracting  the  mass  in  the  rest  of  the  specimen 
from  the  total  mass,  mo.  The  mass  of  particles  in  the  bottom  1.2  mm  of  the  compact, 
mb,  where  packing  fraction  measurements  were  also  not  reliable,  was  estimated  by 
assuming  that  particles  packed  in  this  portion  had  a  uniform  packing  fraction 
identical  to  that  measured  just  above  it.  The  mass  of  the  central  portion  of  the 


specimen,  me,  was  determined  by  integrating  ^(h’)  obtained  from  the  x-ray 
techiuque  described  above.  Thus, 


mt  =  mo  -  (me  +  mb) 


(2) 


and 


Po=^2jt^m,{R~L+h^)  (3) 

where  ho  =  4  mm  and  A  is  the  area  of  the  centrifuge  tube. 

3.  Experimental  Results 

Figure  1  is  representative  of  the  approach  to  an  equilibrium  height  during 
centrifugation  of  the  coagulated  and  flocculated  systems.  Studies  done  at  other 
centrifugal  speeds  showed  a  similar  trend,  i.e.  2.5  hours  or  less  to  reach  the  plateau. 
As  mentioned  above,  samples  at  the  two  lowest  speeds  were  spim  and  monitored 
for  more  than  12  hours  to  ensure  equilibrium  had  been  reached.  Monitoring  of  the 
height  of  a  dispersed  slurry  was  not  possible  due  to  its  cloudy  supernatant  (see 
discussion  below). 

Consistent  with  pressure  filtration  studies  previously  reported  by  Lange  and 
Millerl,  Hg.  2  shows  that  the  relative  packing  density  of  bodies  centrifuged  from 
flocculated  slurries  was  less  than  those  from  dispersed  slurries.  In  addition,  for 
network  pressures  ^  0.5  MPa,  the  packing  fraction  achieved  for  the  dispersed  slurry 
was  relatively  independent  of  pressure,  whereas  the  packing  fraction  of  the 
flocculated  slurry  increased  with  pressure  over  the  complete  range  of  pressures 
examined.  Values  obtained  at  network  pressure  <  0.5  MPa  were  determined  by  the 
x-ray  absorption  method,  whereas  values  at  higher  pressures  were  obtained  by 
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weight  changes  before  and  after  drying  (described  above)  and  thus  represent  an 
average  value  for  the  compact.  Figure  2  also  contains  the  results  for  the  packing 
density  of  two  slurries  compacted  by  pressure  filtration  at  14  MPa.  It  shows  that 
pressure  filtration  appears  to  produce  a  higher  particle  packing  than  centrifugation 
of  dispersed  slurries.  This  difference  might  be  attributed  to  the  observation  that  the 
supernatant  of  the  dispersed  slurry  was  cloudy  after  centrifuging,  clearly  showing  that  mass 
segregation  occurred  during  centrifugation.  Velamakanni  and  Lange^  have  shown  that  mass 
segregation  can  lead  to  lower  particle  packing  fraction. 

Figure  3a  (pressure  range  ^  0.01  MPa)  and  Figure  3b  (pressure  range  ^  0.01 
MPa)  show  that  the  pressure  dependence  of  the  relative  packing  density  of  all  of  the 
coagulated  slurries  lies  between  those  of  the  dispersed  and  flocculated  slurries.  At 
low  pressures,  all  of  the  coagulated  slurries  had  a  lower  packing  fraction  than,  a 
dispersed  slurry  at  the  same  pressure.  For  clarity,  only  data  for  the  highest  (2.0  M) 
and  lowest  (0.25  M)  salt  additions  are  shown.  The  difference  in  packing  fraction 
between  dispersed  and  coagulated  slurries  was  less  at  intermediate  pressures,  and,  at 
the  highest  pressures,  they  appeared  to  reach  a  plateau,  similar  to  the  one  foimd  for 
pressure  filtered  slurries  (see  Figure  3b).  Of  particular  note  is  that  at  higher 
pressures  (>  0.5  MPa),  coagulated  slurries  pack  to  a  higher  packing  fraction  than 
dispersed  slurries.  Unlike  dispersed  slurries,  the  supernatant  of  the  coagulated 
slurries  was  always  clear,  regardless  of  the  network  pressure. 

The  packing  fraction  of  the  coagulated  slurries  appears  to  decrease  with 
increasing  electrolyte  concentration  (not  shown  in  Figure  3).  This  was  most 
apparent  for  a  coagulated  slurry  with  0.25  M  NH4CI  which  had  a  noticeably  higher 
packing  fraction  than  all  other  coagulated  slurries  studied.  Although  this  slurry  had 
the  highest  packing  fraction  of  all  of  the  coagulated  slurries  examined,  it  did  not 
have  the  same  integrity  at  the  top  of  the  compact  as  other  coagulated  slurries. 
Similar  to  dispersed  slurries,  the  top  of  the  sediment  was  only  loosely  packed  and 
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could  be  easily  poured  off.  On  the  other  hand,  the  coagulated  slurries  with 
concentrations  of  NH4CI  >  0.25  M  formed  compacts  which  appeared  stiff  when 
touched,  despite  their  lower  packing  densities. 

4.  Discussion 

Research  in  the  fields  of  powder  metallurgy,  soil  mechanics  and  ceramics 
engineering  show  that  the  compaction  of  non-saturated,  granular  materials  by 
rearrangement  can  often  be  described  by  a  linear  relationship  between  the  relative 
density  of  the  granular  compact  and  the  logarithm  of  the  applied  pressure.^3  As 
shown  by  Kuhn  et  al.24,  the  forces  transmitted  through  a  particle  network  by  an 
applied  pressure  can  be  in  static  equilibrium,  viz.,  allowing  a  stable  packing 
arrangement  for  a  given  applied  pressure.  They  showed  that  particle  rearrangement 
occurs  when  the  applied  pressure  generates  a  critical  contact  force  for  bridging 
particles  that  produces  a  local  network  instability.  Particles  subjected  to  this  critical  force 
are  similar  to  the  keystone  that  is  elastically  forced  through  an  arch  due  to  an  excessive 
overburden  to  propagate  a  structural  catastrophe.  In  particle  networks,  instabilities  of 
this  nattire  produce  a  denser,  more  stable  network  that  prevails  until  an  increase  in 
pressure  produces  a  new  instability,  followed  by  an  increase  in  packing  density. 

Thus  as  the  applied  pressure  increases,  a  stable  particle  network  prevails  until 
the  pressure  causes  rearrangement  and  an  incremental,  non-recoverable  increase  in 
packing  density.  With  this  rearrangement  phenomenon,  the  packing  density  will 
increase  to  a  maximum  value  where  no  available  space  remains  to  relocate  another 
particle.  For  randomly  packed  networks,  the  maximum  packing  density  for 
identical  spheres  is  -  0.64.25  For  real  powders,  it  is  well  known  that  the  maximum 
packing  density  depends  on  particle  shape  and  size  distribution.26 

For  the  AI2O3  powders  used  in  this  study,  the  maximum  packing  density 
appears  to  be  0.62  ±  0.02  and  is  achieved  for  both  dispersed  and  coagulated  slurries  at 
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pressure  >  0.5  MPa.  At  lower  pressures,  the  packing  density  of  the  dispersed  and 
coagulated  slurries  are  pressure  dependent  All  of  the  coagulated  slurries  have  a 
similar  dependence  of  packing  density  on  pressure  (d^/dlnP)  which  is  larger  than 
the  dispersed  slurries.  The  packing  density  of  flocculated  slurries  had  the  greatest 
pressure  dependence  and  never  achieved  the  maximum  packing  density  for  the 
pressures  used  in  this  study.  Over  the  range  of  pressures  where  the  packing  density 
of  each  slurry  was  pressure  dependent,  the  relation  between  the  relative  density  and 
the  logarithm  of  the  applied  pressure  is  nearly  linear,  consistent  with  literature  data 
for  non-saturated  systems.23 

The  different  pressure  dependencies  shown  by  the  different  slurries  must  be 
related  to  a  basic  phenomenon  of  network  instability,  viz.,  the  critical  force  required 
to  push  a  load  bearing  particle  into  a  vacant  site.  24  The  coefficient  of  friction  of  the 
particles  is  expected  to  be  critically  related  to  this  instability,  viz.,  particles  that  slide 
easier  will  become  unstable  at  a  smaller  force.  Homola  et  al.22  were  the  first  to 
establish,  through  the  use  of  the  surface  force  apparatus,  an  experimental  relation 
between  surface  forces  and  the  coefficient  of  friction.  Their  experiments  showed 
that  when  a  short-range,  repulsive,  hydration  potential  existed  between  mica 
surfaces,  the  coefficient  of  friction  was  low  (~0.1)  and  the  surfaces  would  easily  slide. 
On  the  other  hand,  when  only  an  attractive  van  der  Waals  potential  existed,  the 
same  surfaces  fractured  prior  to  sliding.  These  results  suggest  that  a  short-range 
repulsive  force  acts  as  a  lubricant  in  a  similar  manner  as  the  apparent  'lubrication' 
produced  between  like  poles  of  two  magnets. 

The  relationship  between  interparticle  potential  and  particle  separation  for 
different  attractive  networks  are  schematically  shown  in  Figure  4.  These  functions 
can  be  used  to  qualitatively  describe  how  a  short-range  repulsive  potential  can 
produce  a  'lubrication'  effect.  When  such  a  potential  exists,  the  repulsive  potential 
part  is  proceeded  by  an  asymmetric  potential  well  as  shown  in  Figure  4.  For 
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conditions  where  the  kinetic  energy  of  the  particle  is  much  less  than  the  well  depth, 
the  eqviilibiium  particle  separation  distance  is  Hq.  The  slope  of  this  curve,  -dV/dH, 
is  a  force,  and  when  H  <  Ho,  an  increasing  compressive  force  is  need  to  bring  the 
particles  closer  together.  This  compressive  force  can  be  imagined  to  sheath  each 
particle  with  a  compliant  material  desaibed  by  the  force  -  separation  function  for  H© 
>  H  ^  0.  This  material  elastically  deforms  much  more  than  the  particles  themselves, 
and  thus  allows  particles  in  contact  to  slide  pass  one  another  in  a  way  that  requires 
lower  forces  to  produce  the  rearrangement  needed  for  consolidation.^^  On  the  other 
hand,  if  no  short-range  potential  exists  as  is  the  case  for  the  lower  curve  by  in  Figure 
4,  the  equilibrium  separation  distance  is  at  Ho  =  0,  i.e.,  the  particles  touch.  For  this 
case,  the  compliant  layer  no  longer  exists,  and  the  elastic  properties  of  the  particles 
themselves  must  be  used  to  determine  the  critical  force  need  to  produce  the 
instability  for  increased  particle  packing.  Thus  as  the  potential  well  becomes  deeper, 
the  short-range  repulsive  potential  becomes  less  effective  in  'lubricating'  the 
rearrangement  processes  needed  to  pack  particles.* 

Both  the  long-range  and  short-range  interparticle  potentials  in  dispersed  and 
coagulated  slurries,  respectively,  are  expected  to  produce  'lubricating'  effects  when 
compared  to  monotonically  attractive  van  der  Waals  potential.  That  is,  both 
dispersed  and  coagulated  slurries  are  expected  to  achieve  their  maximum  packing 
density  at  lower  network  pressures  relative  to  flocculated  slurries. 

The  pressure  required  to  increase  the  packing  density  has  been  referred  to  as 
the  compressive  yield  stress.^*  From  a  mechanics  point  of  view  this  stress  may  not 
be  related  to  the  shear  yield  stress  because  the  latter  occurs  at  constant  volume. 
Furthermore,  the  fraction  of  bonds  which  are  in  tension  during  shear  is  higher  than 
the  fraction  that  are  in  tension  during  compression.  Previous  comparisons  of  the 
compressive  yield  stress  measured  in  sedimentation  experiments  with  the  shear 
yield  stress  indicate  that  the  latter  is  much  smaller,  but  that  they  both  have  a  similar 
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dependence  on  volume  fraction.^5  Experiments  reported  here  indicate  that  the  two 
may  have  similar  dependencies  on  added  salt  in  coagulated  slurries.  The  shear  yield 
stress  measurements  for  coagulated  slurries  indicate  that  they  increase  with  added 
salt  to  a  maximum  value  and  that  the  shear  yield  stress  for  flocced  slurries  is  an 
order  of  magnitude  greater.^  The  compaction  behavior  also  indicates  that  the 
pressures  required  for  densiiication  are  also  much  higher  for  flocced  slurries.  The 
magnitude  of  the  compressive  yield  stress  and  the  shear  yield  stress  should  be 
related  to  the  minimum  of  the  interparticle  potential  and  to  the  maximum  force 
required  to  separate  the  particles,  and  thus,  both  are  measures  of  the  strength  of  the 
particle  network. 

5.  Conclusion 

AI2O3  slurries  initially  dispersed  at  low  pH  and  coagulated  with  high 
concentrations  of  salt  have  advantages  over  both  dispersed  and  flocculated  slurries. 
They  can  be  consolidated  to  high  packing  densities  with  relative  small  pressures  just 
like  dispersed  slurries.  The  compact  body,  however,  has  mechanical  integrity  like 
flocculated  material.  Although  unexpected  on  the  basis  of  DLVO  theory,  the 
behavior  is  believed  to  be  due  to  a  short  range  repulsive  potential  which  reduces  the 
influence  of  the  van  der  Waals  interactions.  This  combination  is  exp>ected  to  give 
rise  to  an  energy  well  which  causes  particles  to  aggregate,  but  which  is  not  as  deep  as 
slurries  at  the  isoelectric  point  (flocculated  slurries).  The  compaction  stress  that 
produces  a  given  particle  packing  density  has  been  found  to  depend  on  electrolyte 
concentration  in  a  manner  similar  to  the  shear  yield  stress. 
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Figure  Captions 

Figure  1.  Approach  to  equilibrium  of  centrifuged  AI2O3  slurries  at  pH  4  with  0.5  and 
1.5  M  NH4Q  and  at  pH  9.  Samples  were  spun  at  600rpm. 

Figure  2.  Centrifuged  and  pressure  Hitrated  AI2O3  slurries  at  pH  4  and  9.  Pressure 
filtrated  samples  are  indicated.  Packing  fraction  gradi^t  was  obtained  by  x-ray 
analysis  for  samples  consolidated  at  pressures  less  than  0.1  MPa. 

Figure  3a.  Centrifuged  AI2O3  slurries  at  pH  4  and  at  pH  4  with  0.25  and  2.0  M 
NH4CL  Packing  H-action  gradient  was  determined  by  x-ray  analysis. 

Figure  3b.  Centrifuged  and  pressure  Hitrated  AI2O3  slurries  at  pH  4  and  9,  and  at  pH 
4  with  0.25  and  2.0  M  NH4C1.  Pressure  Hitrated  samples  are  indicated.  Packing 
fracHon  gradient  was  obtained  by  x-ray  analysis  for  samples  consolidated  at  pressures 
less  than  01  MPa. 

Figure  4.  Interaction  potential  of  0.20  pm  in  diameter  AI2O3  at  pH  4  with  1.0  M 
NH4CI  and  at  pH  9  (Vt  =  Va)/  assuming  DLVO  theory  and  an  additional  hydration 

pot^Hal  term.  Constant  potential  is  assiuned  with  v  »  40  mV  and  A  »  4.91E-20  J. 
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The  behavior  of  alumina  slurries  with  added  ammonium  citrate  tri-basic,  a 
potential  determining  ion,  is  compared  to  the  behavior  of  slurries  with 
ammonium  chloride,  an  indifferent  electrolyte.  Adding  salt  to  dispersed 
slurries  has  been  shown  to  remove  the  long-range  electrostatic  repulsion  and 
produce  a  short-range  repulsion.  Due  to  van  der  Waals  attraction,  the  net 
potential  is  attractive.  Ammonium  citrate  lowers  the  isoelectric  point  of 
alumina  from  pH  9  to  pH  3  by  neutralizing  positive  surface  sites.  At  pH  8 
with  added  ammonium  citrate,  alumina  slurries  are  coagulated.  These 
slurries  pack  to  high  densities  and  have  lower  viscosities  than  flocced  slurries 
because  of  the  short-range  repulsion  which  effectively  lubricates  particles 
allowing  for  rearrangement.  Packing  density  and  viscosity  measurements 
show  little  difference  between  slurries  coagulated  with  ammonium  citrate 
and  ammonium  chloride.  When  ammonium  chloride  is  added  to  slurries 
flocced  at  pH  9  no  difference  is  seen  in  the  viscosity  or  yield  stress.  Slurries 
with  added  ammonium  citrate  are  flocced  at  pH  3  and  exhibit  yield  stresses 
similar  to  slurries  flocced  at  pH  9.  However,  when  excess  ammonium  citrate 
is  added,  the  yield  stress  decreases,  behavior  which  is  not  observed  when 
ammonium  chloride  is  added. 


I.  Introduction 


It  has  been  shown  that  dispersed  slurries  can  be  coagulated  by  the 
addition  of  indifferent  electrolyte.^-^  jhe  addition  of  electrolyte  eliminates 
the  electrostatic  repulsion  between  particles,  leaving  van  der  Waals  attraction 
and  a  third  potential  not  predicted  by  DLVO  theory.  The  potential  introduced 
by  adding  salt  is  a  short-range  repulsion  that  prevents  particle-particle  contact 
but  does  not  overwhelm  the  van  der  Waals  attraction  at  long  range. 

High  relative  packing  densities  can  be  obtained  with  coagulated  slurries 
without  the  problem  of  particle  segregation  because  of  the  presence  of  a  weak 
attraction  between  particles.^  Consolidated  bodies  are  plastically  deformable 
when  saturated  which  allows  for  reshaping  into  complex  forms.^  Viscosity 
and  yield  stress  measurements  show  that  increasing  amounts  of  indifferent 
electrolyte  increases  the  strength  of  the  network  formed  until  a  maximum  is 
reached;  however,  this  maximum  is  still  less  than  that  of  a  flocced  slurry.2 
Further  additions  of  salt  do  not  greatly  effect  the  system. 

Currently  we  believe  that  the  source  of  the  short-range  repulsion  is  the 
presence  of  a  hydrahon  layer  similar  to  that  found  between  mica  surfaces^-^ 
and  for  clays.^  Recently  Ducker  et  al.®  have  confirmed  the  existence  of  a  short- 
range  repulsion  due  to  added  salt  between  sapphire  plates  in  the  surface  force 
apparatus. 

Leong  et  al.^  have  demonstrated  that  the  yield  stress  of  flocced  zirconia 
slurries  isjreduced  by  the  addition  of  citric  acid,  a  potential  determining  ion. 
The  addition  of  potassium  nitrate,  an  indifferent  ion,  did  not  affect  the  yield 
stress. We  have  added  ammonium  citrate  to  alumina  slurries  to  examine 
the  effect  of  potential  determining  ions  on  the  viscosity,  packing  behavior, 
yield  stress,  and  shear  modulus  of  the  slurry. 


II.  Experimental 


Aluminum  oxide  powder^  with  an  average  particle  size  of  0.2  iim  was 
dispersed  in  deioruzed  water  (14  MQ)  with  ultrasound.*’  A  solids  loading  of 
20  vol%  was  used  throughout.  Slurries  were  prepared  24  hours  before  testing. 
Additions  of  ammonium  chloride  and  ammonium  citrate  tri-basic  were 
made  at  least  1  hour  before  testing.  The  pH  of  slurries  was  adjusted  before 
testing  with  HNOa  and  KOH  or  NH4OH.  Slurries  at  pH  4  with  no  added 
electrolyte  are  dispersed.  Slurries  at  pH  9  with  no  added  electrolyte  are 
flocced. 

Zeta  potential  measurements^^  were  made  on  dilute  suspeivsions  with 
O.OIM  NH4CI  and  on  suspensions  of  a  fixed  concentration  of  alumina  with 
increasing  amounts  of  ammonium  citrate  tri-basic.  Settling  experiments 
were  performed  in  graduated  cylinders  with  increasing  amotmts  of 
ammonium  citrate  tri-basic. 

Viscosity  measurements  were  made  with  a  Rheometrics  rheometer*^ 
using  a  couette  type  measuring  cell  (25  mm  radius  77  mm  long).  Slurries 
were  subjected  to  a  decreasing  rate  sweep  starting  at  1000  s**  and  ending  at  0.1 
S'*  or  until  the  torque  was  below  the  sensitivity  of  the  instrument  (1  g-cm). 
Yield  stress  and  shear  modulus  measurements'*  were  made  using  a  vane  tool 
(12.7mm  radius  36mm  long)  in  steady  and  dynamic  modes.  (Yield  stress  and 
shear  modulus  measurements  will  be  discussed  in  more  detail  in  a 
subsequent  paper. A  description  of  the  vane  tool  can  be  found  in  references 
12  and  13).  Steady  shear  experiments  consisted  of  shearing  the  sample  at  a 
constant  strain  rate.  In  steady  shear,  the  yield  stress  was  determined  to  occur 
at  the  point  where  the  log  stress  versus  log  strain  deviated  from  a  slope  of 
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one.  Dynamic  experiments  consisted  of  an  amplitude  sweep  at  fixed 
frequency  (Irad/sec)  and  a  frequency  sweep  at  fixed  amplitude.  In  an 
amplitude  sweep,  the  stress  at  which  the  storage  modulus  deviated  from  a 
constant  value  was  the  yield  stress.  A  dynamic  frequency  sweep  was  run  to 
determine  if  the  yield  stress  was  frequency  dependent.  At  frequencies  greater 
than  about  0.3  rad /sec  the  yield  stress  was  independent  of  frequency  but  at 
lower  frequencies  the  yield  stress  was  frequency  dependent.  The  stress  and 
strain  on  the  vane  tool  was  calculated  assuming  a  couette  geometry. 

Slurries  were  consolidated  by  pressure  filtratioiY.  Pressure  filtration 
was  carried  out  in  a  cylindrical  device  reported  elsewhere.^  Particle  packing 
densities  of  the  saturated  bodies  were  determined  by  weighing  the  body  before 
and  after  drying.  The  weight  change  was  assumed  to  be  due  oitly  to 
evaporated  water.  The  theoretical  density  of  alumina  was  taken  to  be  r  »  3.94 
g/cc 

III.  Results 

(1)  Zeta  Potential 

The  zeta  potential  of  alumina  as  a  function  of  citrate  concentration  is 
shown  in  figure  1.  The  isoelectric  point  occurred  at  pH  9  when  an  indifferent 
electrolyte  was  added  (ammoruum  chloride).  The  addition  of  large  amounts 
of  ammonium  citrate,  a  potential  determining  ion,  lowered  the  isoelectric 
point  to  pH  3.  Small  amounts  of  ammonium  citrate  slowly  lowered  the 
isoelectric  point  from  pH  9  to  pH  3.  The  amount  of  citrate  needed  to  shift  the 
the  isoelectric  point  to  pH  3  is  a  function  of  the  solids  loading  of  the  slurry. 
The  relationship  between  salt  concentration  and  solids  loading  is  not 
understood;  however,  it  is  clear  that  the  citrate  concentration  needed  to  fully 
shift  the  isoelectric  point  does  not  correspond  '.veil  to  the  settling  and 
viscosity  measurements. 


(2)  Settling 

Alumina  slurries  with  increasing  amounts  of  ammonium  citrate  were 
allowed  to  settle  undisturbed  for  over  1  week.  The  supernate  of  the  slurry 
with  0.035  M  ammonium  citrate  was  cloudy  and  the  sediment  diffuse.  The 
supernate  of  the  slurry  at  0.040  M  was  less  cloudy  and  the  sediment  was 
distinct.  The  crihcal  coagulahon  concentration(CCC)  lies  between  these  two 
salt  concentrations.  At  concentrations  greater  than  the  CCC,  increasing 
concentrations  of  salt  increased  the  sediment  height  (lower  densities)  but  to 
much  lower  heights  than  for  a  slurry  flocced  at  pH  9. 

(3)  Viscosity 

The  viscosity  versus  shear  rate  of  alumina  slurries  is  shown  in  figure  2. 
Dispersed  alumii\a  slurries  (pH  4,  0  M)  were  almost  Newtonian.  The 
addition  of  ammonium  citrate  spontaneously  inaeased  the  pH  of  dispersed 
slurries  from  4  to  -8.  At  low  salt  concentrations  (pH8,  O.OIM)  the  slurry  was 
strongly  shear  thinning  due  to  incomplete  coverage  of  the  alumina  particles 
with  citrate.  It  can  be  seen  that  at  ammonium  citrate  concentrations 
approximately  equal  to  the  CCC  (pH  8, 0.03  M)  the  slurry  was 
indistinguishable  from  a  dispersed  slurry.  This  is  because  the  alumina 
surface  has  been  fully  covered  by  citrate.  Since  the  citrate  ions  are  charged,  a 
large  zeta  potential  os  present  yielding  a  dispersed  slurry.  The  viscosity  of  the 
alumina  slurries  increased  with  increasing  amounts  of  salt  to  a  maximum  at 
about  0.5  M  as  the  electrostatic  repulsion  is  screened.  Further  salt  additions 
had  no  effect.  The  maximum  v  iscosity  reached  by  adding  salt  was  about  an 
order  of  magnitude  less  than  for  a  flocced  slurry  (pH  9,  0  M).  This  is  very 
similar  to  the  behavior  of  alumina  slurries  coagulated  with  ammonium 
chloride.  (A  short-range  repulsion  is  apparently  developed  as  discussed  in 
reference  1).  As  seen  in  figure  3,  the  viscosity  of  alumina  slurries  coagulated 


at  pH  8  with  0.5  M  ammonium  citrate  or  at  pH  4  with  2  M  ammonium 
chloride  was  identical  to  a  slurry  at  pH  8  with  0.03  M  ammonium  citrate  and  1 
M  ammonium  chloride. 

The  viscosity  of  alumina  slurries  at  pH  3,  the  isoelectric  point  when 
ammonium  citrate  was  added,  is  shown  in  figure  4.  At  ammonium  citrate 
concentrations  below  0.015  M  the  viscosity  of  the  slurry  was  similar  to  that  of 
a  dispersed  slurry.  This  is  because  not  enough  citrate  is  present  to  fully 
neutralize  the  charge  on  the  alumina  particles.  The  viscosity  was  strongly 
shear  thinning  and  close  but  not  equal  to  the  viscosity  of  a  flocced  slurry  at 
salt  concentrarions  over  0.015  M.  At  these  salt  concentrahons,  the  isoelectric 
point  of  the  alumina  is  pH  3,  thus  the  slurry  is  flocced. 

(4)  Yield  Stress 

Figure  5  shows  the  yield  stress  as  a  function  of  citrate  added  for  slurries 
at  pH  3  obtained  from  steady  shear  experiments  (strain  rate*0.001rad/sec). 
Figure  6  shows  the  stress  versus  strain  curves  for  the  same  slurries. 

Although  there  is  some  ambiguity  as  to  where  the  yield  stress  occurs,  the 
deviahon  from  linearity  is  clear.  It  can  be  seen  that  flocced  slurries  (pH  9,  0 
M),  have  the  highest  yield  stress,  i.e.,  the  strongest  network.  Yield  stresses 
were  determined  as  a  function  of  citrate  added  at  the  new'  isoelectric  point  (pH 
3.0).  The  yield  stress  of  a  slurry  with  the  critical  coagulation  concentration  of 
added  citrate  (pH  3, 0.035M)  was  close  to  that  of  a  flocced  slurry  (pH  9, 0  M). 
When  more  salt  was  added,  the  yield  stress  continued  to  drop  with  increasing 
salt  added  until  a  minimum  yield  stress  was  achieved,  after  which  further 
increases  in  salt  concentration  had  no  effect.  In  contrast,  when  ammonium 
chloride  was  added  to  slurries  at  pH  9,  there  was  no  effect  on  the  yield  stress. 
These  slurries  were  indistinguishable  from  flocced  systems.  Slurries  at  pH  8 
with  ammonium  citrate  had  vield  stresses  too  low  to  measure. 


(5)  Shear  Modulus 

The  shear  modulus  was  determined  in  both  steady  and  dynamic 
modes.  Like  the  yield  stress  measurements  the  shear  modulus  was 
determined  to  be  a  function  of  salt  added,  see  figure  7.  The  shear  modulus  in 
steady  shear  experiments  was  determined  by  calculating  the  slope  of  the  stress 
versus  strain  curve  prior  to  yield.  The  shear  modulus  (i.e.,  storage  modulus) 
is  a  parameter  calculated  directly  in  dynamic  experiments.  The  shear 
modulus  values  calculated  by  each  technique  agree  well. 

(6  )  Particle  Packing 

Dispersed,  flocced  and  coagulated  alumina  slurries  were  coixsolidated 
by  pressure  filtration  and  the  relative  densities  are  listed  in  table  1.  The 
packing  density  of  coagulated  slurries  (pH  8  with  0.5  M  ammonium  citrate) 
was  almost  as  high  as  those  of  dispersed  slurries,  i.e.,  58%  and  60% 
respectively.  Slurries  coagulated  with  ammonium  chloride  also  result  in 
high  packing  densities.  Slurries  coagulated  with  either  salt  are  stabilized  by  a 
short-range  repulsion  which  aids  particle  rearrangement.  Flocced  slurries 
packed  to  much  lower  densities.  Slurries  at  pH  9  with  no  added  salt  packed  to 
50°o  and  slurries  at  pH  3  with  0.1  M  ammonium  citrate  also  packed  to  50%. 

IV.  Discussion 

(1)  Surface  Coverage 

Previous  research  has  shown  that  indifferent  electrolytes  such  as 
NH4CI,  KI  and  NH4NO_-!  coagulate  alumina  slurries.-  We  have  shown  that 
ammonium  citrate,  a  potential  determining  ion,  can  also  coagulate  alumina 
slurries.  The  added  electrolyte  removes  the  electrostatic  repulsion  between 
charged  particles  leaving  the  ubiquitous  van  der  Waals  attractive  potential.  A 
third  force  arises  from  the  presence  of  salt.  This  is  a  repulsive,  short-range 
potential  not  predicted  by  DLVO  theory.  This  repulsion  prevents  particle- 


particle  contact;  however,  a  weakly  attractive  network  is  formed  due  to  the 
van  der  Waals  potential  which  acts  over  a  longer  range. 

Ammonium  citrate  tri-basic  is  a  tri valent  ion  which  is  fully  dissociated 
at  pH  8  where  we  coagulate  our  system.  The  pKa  values  occur  at  pH  3.1,  pH 
4.8  and  pH  6.4.^-^  At  pH  3,  where  we  flocc  the  slurry,  half  of  the  ions  have  one 
charged  site. 

Currently  we  believe  the  source  of  the  short-range  repulsive  potential 
to  be  due  to  the  attraction  of  the  hydrated  salt  ion  to  the  particle  surface 
creating  a  layer  that  must  be  removed  in  order  for  particles  to  come  into 
contact  similar  to  the  hydrahon  layers  foimd  on  mica  surfaces.^'^ 

Ammonium  citrate,  a  potential  determining  ion,  is  more  strongly  bound  to 
the  particle  surface  than  ions  previously  studied  as  evidenced  by  the  lowering 
of  the  isoelectric  point.  The  citrate  ion  is  attracted  to  the  positive  surface  sites 
of  the  alumina  and  neutralizes  them  leaving  the  negatively  charged  sites 
which  yields  a  lower  isoelectric  point.  The  point  where  just  enough 
ammonium  citrate  tri-basic  is  present  to  neutralize  the  surface  and  be  in 
equilibrium  in  solution  at  pH  3  was  found  to  occur  at  a  citrate  concentration 
of  0.001  M  by  zeta  potential  measurements.  Although  the  citrate 
concentration  seems  low,  the  concentration  of  ammonium  citrate  to  alumina 
surface  area  is  very  high  (10  g/m^)  because  a  large  fraction  of  ammonium 
citrate  is  bound  to  the  surface  but  each  ion  only  neutralizes  a  single  charged 
site.  This  value  is  much  higher  than  the  critical  coagulation  concentration 
found  for  slurries  with  solids  loadings  of  20  vol‘’';>.  As  stated  before,  the 
relationship  between  solids  loading  and  particle  surface  coverage  has  not  been 
established.  The  CCC  should  be  approximately  equal  to  the  concentration  of 
salt  where  the  surface  is  neutralized. 

(2)  Rheology 


Viscosity  measurements  indicate  that  despite  the  large  size  and  strong 
bonding  of  the  citrate  ion  there  are  many  similarities  between  the  behavior  of 
slurries  coagulated  with  ammonium  citrate  and  an  indifferent  electrolyte. 
When  salt  is  added  to  a  dispersed  slurry,  the  viscosity  increases  aivi  becomes 
shear  thinrung.  At  some  maximum  salt  concentration  further  additions  of 
salt  no  longer  influence  the  viscosity.  The  difference  between  the  maximum 
viscosity  reached  by  adding  salt  and  the  viscosity  of  a  flocced  slurry  is  about  an 
order  of  magnitude  regardless  of  which  salt  is  added.  There  are  some 
differences  when  ammonium  citrate  is  added,  however.  At  low  citrate 
concentrations,  there  is  incomplete  surface  coverage  of  the  alumina  powder 
and  thus  the  slurry  has  a  high  viscosity.  The  particles  are  strongly  attractive 
because,  although  the  iep  has  been  lowered,  it  has  not  yet  dropped  to  pH  3. 

This  is  shown  for  a  slurry  with  only  0.01  M  citrate  at  pH  8  in  hgure  2.  When 
enough  citrate  is  added  to  just  cover  the  alumina  surface  (0.03  M),  the 
viscosity  is  Newtonian,  i.e.,  dispersed.  In  other  words,  the  surface  is  covered 
and  there  is  little  in  solution  to  eliminate  the  electrostatic  repulsion.  Once  a 
hew'  charged  surface  has  been  created  by  covering  the  alumina  particles  with 
citrate  (lowering  the  iep  to  pH  3),  the  slurry  can  be  coagulated  by  adding  an 
indifferent  electrolyte  such  as  ammonium  chloride  as  shown  in  figure  4. 

In  agreement  with  the  viscosity  data,  the  critical  coagulation 
concentration  determined  by  the  settling  experiment  occurs  at  a  salt 
concentration  of  between  0  035  M  and  0.04  M  for  slurries  at  pH  8.  Complete 
surface  coverage  should  thus  occur  sometime  before  a  concentration  of  0.035 
M  similar  to  the  value  of  0.03  M  necessary  to  disperse  a  slurry  at  pH  8.  (This  is 
a  citrate  to  alumina  ratio  of  0.09  g/m2,  much  less  than  that  needed  to  cover 
the  surface  as  determined  bv  the  zeta  potential  measurements). 


The  isoelectric  point  with  added  citrate  occurs  at  pH  3  and  so  a  slurry 
with  enough  citrate  to  fully  cover  the  surface  should  be  flocced  at  pH  3.  The 
amount  oi  dtrate  needed  to  reach  the  maximum  viscosity  for  slurries  at  pH  3 
was  only  0.015  M  (0.045  g/m^).  This  is  about  half  of  the  concentration  needed 
at  pH  8  to  cover  the  surface.  The  charge  on  each  ion  is  only  one  at  pH  3  while 
it  is  three  at  pH  8  which  would  seem  to  indicate  that  more  dtrate  would  be 
needed.  The  amount  of  citrate  adsorbed  to  the  particle  surface  therefore  must 
be  greater  at  lower  pH. 

There  is  an  important  difference  between  the  properties  of  slurries 
with  ammonium  citrate  and  those  coagulated  with  ammonium  chloride  that 
is  apparent  when  these  slurries  are  flocculated.  Alumina  slurries  at  pH  9 
with  and  without  ammonium  chloride  yield  nearly  identical  viscosities. 
Alumina  slurries  with  the  critical  coagulation  concentration  of  dtrate  at  pH  3 
with  ammonium  citrate  have  viscosities  which  are  slightly  lower  than  for 
slurries  at  pH  9.  Since  the  citrate  ion  is  much  larger  (~0.6  nm)  than  the  ions 
previously  studied  (-0.2  nm),  a  steric  stabilization  mechanism  might  be 
considered.  This  has  been  cited  as  the  cause  for  the  reduction  of  the  yield 
stress  in  zirconia  suspensions  reported  by  Leong  et  al.^  We  have  also 
observed  a  decrease  in  the  yield  stress  in  alumina  slurries  due  to  the  presence 
of  excess  ammonium  citrate  that  does  not  occur  when  ammonium  chloride  is 
present.  However,  we  find  that  slurries  with  the  CCC  of  citrate  have  nearly 
identical  yield  stresses  to  flocced  slurries.  Research  by  Bergstrom  et  al.^  = 
indicates  that  the  thickness  of  a  steric  layer  necessary  to  obtain  good  packing 
densities  must  be  larger  than  about  1  nm.  Steric  layers  of  less  than  about  1 
nm  were  strongly  attracts  e  possessing  very  large  compressive  yield  stresses. 
Further,  these  measurements  were  performed  in  organic  solvents  where  the 
\'an  der  Waals  attraction  is  less  than  in  water;  therefore,  an  even  larger 


molecule  would  be  necessary  to  provide  steric  stabilization  in  aqueous 
slurries.  This  implies  that  a  single  layer  of  citrate  ions  on  the  particle  surface 
would  not  be  sufficient  to  cause  steric  stabilization.  A  significant  reduction  in 
the  yield  stress  only  occurs  when  large  amounts  of  citrate  (compared  to  the 
CCC)  are  present.  It  is  possible  that  several  layers  of  citrate  ions  are  required 
to  provide  steric  stabilization.  Although  we  do  not  know  the  exact 
concentration  of  citrate  that  produces  a  monolayer  of  citrate  on  the  alumirta 
particles,  if  there  were  insufficient  citrate  ions  to  lower  the  isoelectric  point  of 
the  slurry  to  pH  3,  than  the  slurry  would  be  even  less  attractive;  i.e.,  possess  a 
lower  yield  stress.  An  alternate  explanation  is  the  presence  of  the 
development  of  the  short-range  repulsion  which  was  previously  only 
observed  for  coagulated  slurries.  The  role  of  the  salt  in  the  formation  of  the 
short-range  repulsion  is  not  fully  understood  so  it  is  unclear  if  the  presence  of 
salt  in  the  flocced  slurries  would  produce  a  short-range  repulsion. 

The  manner  in  which  the  yield  stress  is  identified  in  our  work  is 
different  from  that  presented  in  zirconia  suspensions.  In  that  research,  the 
yield  point  was  determined  to  be  where  the  stress  reached  its  maximum 
value  whereas  we  interpret  that  to  be  the  point  where  destruction  of  the 
attractive  particle  network  and  its  reforming  are  balanced.  Since  this  point 
occurs  at  quite  large  strains,  it  is  clear  that  the  original  particle-particle 
contacts  have  long  since  been  sheared.  We  identify  the  yield  stress  as  the 
point  where  the  stress  \  ersus  strain  curve  goes  non-linear  in  steady  state 
experiments  and  the  point  where  G'  drops  from  a  constant  value  in  dynamic 
experiments. 

V.  Conclusions 

We  have  found  that  potential  determining  ions  can  coagulate  alumina 
slurries,  much  as  indifferent  electrolytes  do.  The  relative  packing  densitv  of 


consolidated  bodies  made  from  coagulated  slurries  are  nearly  the  same  as  for 
bodies  made  from  dispersed  slurries  regardless  of  the  electrolyte  used.  The 
viscosity  of  coagulated  slurries  achieves  the  same  maximum  value  regardless 
of  whether  ammonium  citrate  or  ammonium  chloride  is  added.  The  size  of 
the  ion  at  the  particle  surface  does  not  seem  to  affect  the  strength  of  the  short- 
range  repulsion  in  coagulated  slurries.  The  same  viscosity  can  also  be  reached 
by  adding  enough  ammonium  citrate  to  completely  cover  the  alumina 
surface,  in  effect  creating  a  new'  charged  surface  and  coagulating  the  iiew 
system  with  ammonium  chloride.  Besides  the  obvious  change  in  working 
pH  and  salt  concentration,  there  are  some  important  differences  between 
potential  determining  ions  and  indifferent  electrolytes.  The  yield  stress  of 
flocced  slurries  at  pH  3  with  the  CCC  of  citrate  is  identical  to  slurries  flocced  at 
pH  9.  Adding  larger  amounts  of  citrate  lowers  the  yield  stress  until  a 
minimum  is  reached  where  further  additions  of  electrolyte  have  no  effect. 
The  viscosity  of  flocced  slurries  at  pH  3  with  added  citrate  never  reaches  the 
same  value  as  a  slurry  flocced  at  pH  9.  Adding  ammoruum  chloride  to 
flocced  slurries  has  no  effect  on  the  viscosity  or  the  yield  stress.  Steric 
stabilization  does  not  satisfactorily  explain  the  behavior  since  the  size  of  a 
single  citrate  ion  is  too  small  to  prevent  the  van  der  Waals  attraction  from 
floccing  the  slurry. 
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Table  I. 


Relative  Packing  Densities  (%) 


Slurry  State - pH — 

Dispersed  pH  4 

Coagulated  pH  8 

Coagulated  pH  4 

Flocced  pH  9 

Flocced  pH  3 


Salt  Cone. 

OM  59.9% 

0.5  M  citrate  58.6% 

1.5  M  chloride  58.0% 

0  M  50.1% 

0.1  M  citrate  50.5% 


molarity 

Figure  1  The  reduction  in  isoelectric  point  with  increasing  amounts  of  citrate  tri 
basic.  The  solids  loading  of  the  suspension  is  0.005vol%. 
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Figure  3  Viscosity  of  alumina  slurries  with  2M  ammonium  chloride. 
0.5M  ammonium  citrate  and  0.03M  citrate  and  1M  chloride.  Ail 
slurries  display  the  same  viscosity. 
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Figure  4  Viscosity  of  alumina  slurries  at  pH  3  with  ammonium 
citrate  unless  noted.  The  viscosity  of  a  slurry  at  pH  3  with  added 
ammonium  citrate  is  less  than  the  viscosity  of  a  ftocced  slurry. 
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Figure  6  Stress  versus  strain  of  20  vol%  alumina  slurries.  Yield  stress  occurs 
where  the  curve  deviates  from  linearity. 
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137]  ABSTRACT 

A  method  of  preparing  denoe  oenmic  product  is  de- 
acribod,  whersia  acoaguiaiad  aciwark  of  ceramic  pow  ¬ 
der  particlea  in  waiar  ia  laamad  and  than  iieaiad  to 
iacreaao  the  volume  fractioa  of  partidas.  ibertby  form¬ 
ing  a  watcr-aaturatad  powdar  eompoct  Tht  compact  is 
formed  into  a  daiiaed  shape  and  Brad  to  provide  the 
dense  ceramic  product.  A  coagulmad  network  may 
advaatageonaly  be  focnad  hy  muiaif  a  ceramic  powder 
with  water  at  a  pH  that  prodncai  a  nos  smfiaec  charge, 
to  fbrm  a  diapmad  afuny  «d  adding  a  aufBcient 
amount  of  auh  to  the  diapataod  Horry  so  cause  particles 
within  the  alutry  to  fotae  lie  ooogelBOod  omwoak.  la 
view  of  the  nutduo  iBooIobM  fioponiea  of  the  pbwdhr 
conpneta  pai^erad  Bum  totgilmi  aotwark*  of  «*- 
ramie  powder  purtkkA  theeompact  may  ho  precaaaad 
into  complei.  noor-oct-ahopod  Ainue  hy  otoodociag  the 
conqpnct  into  •  mold  and  shliloemaf  the  omM  to  vibra¬ 
tion.  whereby  the  caaapaet  adofoa  the  ahepc  of  the 
mold:  once  removed  firom  dm  oiold,  the  compact  re¬ 
tains  Its  shape  without  dwortion. 

17  daima.  3  Oruwiac  Sheati 
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METHOD  FOR  PREPARATION  OF  DENSE 
CERAMIC  PRODUCTS 


Thi*  invcatias  w«  madt  wdli  Covcnuncat  wppon  S 
under  Cra«  (or  Comiact)  No.  N00014-90>J-i44I. 
awarded  by  the  Office  of  Ne^  Research.  The  Covem- 
mem  has  certain  rights  in  this  invention. 

BACKGROUND  OF  THE  INVENTION 

The  present  invention  rdaies  to  methods  for  prepara¬ 
tion  of  ceramic  products.  In  pardcular,  the  present  in¬ 
vention  relates  to  methods  wherein  compoaitiom  omn- 
prising  ceramic  powders  are  formed  into  a  itesirad 
shape  and  fired  to  prepare  the  final  densified  product.  IS 

Current  processing  methods  generally  employ  ce¬ 
ramics  particulates  dispersed  in  a  suitable  medium  with 
volume  fractiont  of  aohds  eloae  to  or  below  the  pow¬ 
der's  masimum  pnefcing  firactioo.  Techniques  sn^  as 
injectkM  molding  have  found  application  for  heat  en-  30 
gine  compooenis  (turbine  rotors,  stators,  vanes,  transi¬ 
tion  ducts,  back-shrouds,  etc).  Other  common  tech¬ 
niques.  such  m  tape  casting  and  plastic  extrusion,  arc 
also  being  used  to  prepare  products  such  as  electronic 
packaging.  23 

De^te  their  widespread  applications,  these  known 
techniques  have  significant  Ut^utions.  In  particular, 
urith  tte  exception  of  injection  molding,  the  known 
tadiniques  arc  generally  not  adequate  to  permit  the 
preparation  of  ceramic  productt  having  complex  20 
sha^ 

Moat  advanced  ceramics  are  formed  as  powder  com¬ 
pacts  that  arc  made  dense  by  a  heat  treatment.  Injecnon 
molding  sufTers  from  the  large  (between  33  and  30 
volume-%)  polymer  content  that  must  be  slowly  re-  33 
moved  prior  to  high-temperature  processing.  Typical 
industn^  practices  for  m^ng  complet-shaped  ceram¬ 
ics  have  u^  organic  liquids  for  dispersing  fine  ceramic 
particulates  with  polymeric  binders  and  plasucixers 
(which  may  comprise  ss  much  as  SO  vol.  %)  for  easy  40 
forming  and  handling.  Environmenul  restrictions  and 
economic  concerns  strongly  encourage  the  develop- 
mem  of  alternative  processing  methods  which  do  not 
employ  organic  solvents  or  polymeric  additives.  In 
addition  to  their  potential  for  toxicity,  the  polymeric  43 
binders  and  plasticizers  used  in  injection  moMing  pose 
several  processing  problems  with  respect  to  incomplete 
binder  bum  out  (resulting  in  residual  impurities  and 
defects)  and  excjssive  bum  out  time  (about  40  to  30 
hrs/cc).  Ouiiag  the  removal  of  additives,  the  ceramics  so 
may  undergo  adbauuMial  shrinkage  and  distort  firom 
their  desired  shaRk.  la  addition,  impurities  left  behind 
after  binder  bmaoai  (which  is  often  incomplete)  may 
severdy  limit  thffiMdMBical  properties  of  tte  ceramic. 
Accordingly,  than  ia  a  aaad  in  the  art  for  methods  to  S3 
prepere  densely-packed  compositions  consisting  essen¬ 
tially  only  of  ceramic  powders  so  as  to  obviate  the 
serious  problems  associated  with  binders  and  plasticiz¬ 
ers. 


development.  Many  aucroatructurc  heterogeneities 
stem  from  the  powder  itself;  aggintr^^tt  are  a  major 
hettrogeneity  m  powders,  m  are  morganic  and  organic 
mcluiMni  Hcierogaaewcs  am  responsMe  for  both 
dieketne  and  maehanical  breakdown;  wnh  respect  to 
the  latter,  each  haterogeneNy  is  a  stress  concentrator, 
and  thus  a  potential  flaw  which  can  initiate  failure  pre¬ 
maturely  Current  processing  methods  tnherenUy  lack  a 
clear  approach  for  contralltat  aucrostructurc  heteroge- 

there  is  alse  a  aaad  in  the  an  far  amthodt  which  opti- 
reMahility  by 


. - - — - - psimsrilj  nf  itir - - 

iiMcrpartaclc  repulsive  fofom  and  vnn  dar  Waab  tftne- 
tive  ftMom  [sae  genanOy.  R.  O.  lamas.  "Charactcrua- 
tion  of  Colloids  in  Aqnaons  SyaMma.”  Admmeu  in  Cr- 
Voi  21.  pp.  34d-«l0  (IMT^  V«i  dar  Waals 


(• 
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requires  great  effort  lobtenkaRMI.  Monovar.  particles 
colliding  with  nsacsnt  agghaaimias  m  arc  farmed  ia 
such  a  flocoed  network  an  uaAaly  to  become  associ¬ 
ated  with  the  agglomerates  at  precisdy  the  position 
required  for  formation  of  a  close-packed  confl^raiion. 
Therefore,  the  attractive  forces  which  created  floccula¬ 
tion  tend  to  prevent  the  adtiavement  of  the  densest 
possible  packing  of  powder  particles. 

To  avoid  flocculation,  repulsive  interpartkle  poten¬ 
tials  sufficient  to  overcome  the  attractive  van  der  Waals 
potential  must  be  introduced.  Long  range,  repulsive, 
electrostatic  interparticle  potenti^  are  developed 
when  a  surface  beiwmes  chwgcd.  Charged  oxide  sur¬ 
faces  can  be  produced  in  water  when  the  surface  reacts 
with  either  HjO*  or  OH  -  ions.  By  controlling  the  pH. 
a  net  surface  charge  is  develop^  which  is  positive 
(acidic  conditions),  neutral,  or  negative  (basic  condi¬ 
tions).  The  pH  producing  the  maximum  surface  charge 
(either  positive  or  negative)  depends  on  the  surface 
chemistry  and  iu  equilibrium  with  HjO'*’  or  OH-.  The 
surface  is  neutral  at  an  intermediate  pH.  where  the 
surface  contains  equal  proportions  of  pc^ve  and  nega¬ 
tive  sites,  as  well  as  neutral  sites.  Some  of  the  ions  in  the 
solution  with  an  opposite  charge  relative  to  the  surface 
(known  as  counterions)  are  amacted  by  the  surface  to 
form  a  diffuse  layer.  Counteriont  do  not  chemically 
bond  to  the  surface,  but  hover  in  solution  near  the  sur- 


Powder  processing  involves  four  basic  steps;  (1)  pow-  60  face  in  an  attempt  to  shield  the  surface  charge.  For  a 
der  manufacture;  (2)  powder  preparation  for  consolida-  given  surface  chemistry,  the  magnitude  of  the  repulsive 
tion;  (3)  consolidation  to  an  engineering  shape;  and  (4)  electrosutic  potential  depends  on  the  magnitude  of  the 
densificaiion  and  microstructural  development  to  elimi-  surface  charge  obtained  at  a  certain  pH  and  on  the 
nate  void  space  and  produce  the  microstructure  that  concentration  of  countenons. 

optimizes  properties.  Each  step  has  the  potential  for  63  The  DLVO  theory,  well  known  to  the  colloid  chem- 
ihtroducihg  detrimental  heterogeneities  that  either  per-  ist.  adds  the  van  der  Waals  attractive  potential  and  the 
sist  during  further  processing  or  develop  into  new  het-  repulsive  electrosutic  potential  to  produce  a  combined 
erogeneities  during  densification  and  microstructural  interparticle  potential  that  can  either  be  repulsive  or 
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attractive,  dcpcadiaf  on  ibc  oMcnitudc  of  the  repulsive 
potential  [see  piM^y,  Hon.  Roger  G..  “Surface 
ForcesandThairAaiouiaCenaiic  Materials,"  S.  Am. 
Ceram.  Soc.  730);ltI7  (1990)].  One  form  of  a  oooi- 
bined  inieractiuepnmriol  (high  surface  charge  and  tow  3 
salt  content)  is  skewn  m  FIG-  IR  For  this  condition,  as 
panicles  approach  one  another,  they  encounter  a  repul¬ 
sive  energy  barrier.  The  paiticlea  repel  one  another  if 
the  energy  barrier  is  greater  than  their  kinetic  energy. 
When  the  volume  (iraction  of  partkles  is  increased  sufR-  10 
ciently  such  that  th^  crowd  together,  the  partieJes 
attempt  to  ‘stt’  at  poiitioiis  that  minimue  their  interac¬ 
tion  ptNential,  via.,  at  a  separation  distance  (usually  >30 
nm)  to  form  a  non-taaehmg,  but  interactive  network 
schematically  shewn  in  FIG.  IR  As  the  particles  are  not  IS 
touching  one  another,  this  is  called  a  'dispersed*  net¬ 
work. 

Ifthe  repulsive  component  of  this  combined  potential 
is  reduced  (e.g..  by  derrraring  the  surface  charge 
through  a  chan^  in  pH),  a  condition  can  be  achieved  20 
where  the  laptitoive  barrier  is  no  longer  sufRcient  to 
prevent  particlm  from  thppiag  into  the  deep  potential 
well  caused  by  the  van  der  Waals  attractive  potential  to 
as  to  produce  the  atrongly  cohesive,  touching  network 
deserted  above  Aoootdiag  to  the  OLVO  theory,  par-  25 
tidm  should  always  Call  imo  a  deep  potential  well  to 
form  a  cohesive  lloccad  network  whm  conditions  are 
much  lam  than  optimum,  even  though  the  oombmed 
repulsive  inieraetion  (taagnitude  of  the  repulsive  barrier 
and  equtUhrium  separation  distance)  may  be  oontroiled  30 
and  optimiaed  by,  e.g.,  controlling  pH.  OLVO  theory 
thus  offers  no  help  in  understanding  whether  or  how 
one  might  control  the  depth  of  the  attractive  wdL 

It  is  an  objea  of  the  present  invention  to  provide 
techniques  for  preparing  ceramic  products  from  parti-  33 
cles  which  have  been  as  densely  packed  as  poanble. 
using  a  minimum  amount  of  non-ceramic  additives 
(such  as  binders  and  plasticizers). 

It  is  a  funher  object  of  the  present  invention  to  pro¬ 
vide  manufacturing  technology  capabk  of  producing  40 
high-volume,  ncar-net-shape  powder  compactt  that  can 
be  subsequently  densified  by  beat  treatment. 

It  is  an  additional  object  of  the  present  mvention  to 
provide  methods  which  permit  the  formation  of  com¬ 
plex  shapes  during  initial  stages  of  processing  that  are  43 
within  a  tolerance  envelop  of  the  desired  shapm  after 
the  final  stages  of  processing,  such  that  any  temkage 
associated  densiftcation  might  rhange  the  dimen¬ 
sions  but  not  the  shape  of  the  final  product. 

It  is  yet  aaoito  obgact  of  the  present  invention  to  so 
provide  Mfkmiaa  methods  for  preparation  of  dense, 
oomplei-ehagrt  ceramic  productv  which  nwthods  are 
shnpie  amlmaapansive  to  use,  yet  able  to  handle  com¬ 
bes  shapes. 

SUMMARY  OF  THE  INVENTION  ” 

Pursuant  to  the  present  invention,  complex  and  near- 
net-shaped  ceramic  powder  compacts  are  formed  using 
a  technique  which  involves  forming  a  liquid  saturated 
powder  compact  consolidating  the  compact  (for  exam-  30 
pie.  by  pressure  filtration  or  centrifugationX  and  shap¬ 
ing  the  compact  to  the  desired  dimensions.  To  prepare 
the  shaped  body,  the  compact  may  advantageously  be 
introduced  into  a  suitably-shaped  mold  cavity  and  vi¬ 
brated  gently.  During  vibration,  thi  quid  saturated  63 
powder  compact  becomes  sufficienil.,  .luid  to  fill  the 
cavity.  After  the  vibration  is  stopp^.  however,  the 
powder  compact  (now  having  the  slutpe  of  the  cavity) 
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becomes  sufTicicntly  stiff  to  retam  iu  shape  wnboui 
distortion.  The  unique  rheology  of  the  powder  compact 
is  produced  ui  accordance  with  the  invention  by  mamp. 
ttlatn^  laterpartide  forem  of  the  ceramic  pmvder  to 
develop  a  weakly  attractive  particle  network,  with 
properties  distiact  tna  either  the  fiocced  networks  or 
the  dispersed  networks  predicted  by  OLVO  theory  . 

BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

The  mvention  may  be  better  aademood  with  refer¬ 
ence  to  the  aooompaaymg  drawinga,  in  svhich; 

FIGS.  U-lc  an  - i  tepnseatations  of 

floooad.  ditpanad  and  ooagaiaaad  networks,  raspec- 
lively;  and 

FIO.  3  is  a  graph  showing  te  viaooaiiy  vs  shaar  rate 
for  a  sarim  of  aqueous  shatrtBacomamai^  20  voluma  31 


DETAILED  DESCR1PT1W  OF  THE 
mVEMTION 


The  saturaiad  ooaaoidPMl  body  akhMn  plaatic  (low 
bahavior  samilar  to  tea  hnMMbn  ohaarvad  only  for 
some  typm  of  day  bedim.  The  cioaaolidaiad  bodies 
prepv^  m  accordance  widi  the  pceaini  invention, 
exhibiting  piaaticity  aad  a  vary  high  patticla  packutg 
density,  enn  be  nadc  to  flow  and  W  even  e  complex- 
shaped  die  cavity  naspiy  by  placiag  the  saruretad  pow¬ 
der  coBipact  in  the  easily  and  ndyaciing  tha  amterial  to 
vibration  (for  example,  by  shekingX  Li^  cIRart  ia  gen¬ 
erally  required  to  form  complex-ahaped  molded  prod¬ 
ucts;  moreover,  the  thus-fon^  products  tend  to  main- 
uin  their  complex  shapes  even  after  removal  from  the 
mold.  After  drying,  the  producu  may  be  densified  by  a 
convemkmaJ  high  temperature  beet  treatment  Unlike 
the  heretofore  known  materials,  the  nesr-net-shaped 
compacts  retain  their  molded  sh^te  upon  densifiextion. 
with  substantially  untform  ihrinkagr. 

The  weakly  attractive  mfei|Mnicle  fotocs  are  pro¬ 
duced  by  a  combination  of  the  longer  range,  dearo- 
staiic  repulsive  forces  and  attractive  van  der  Waals 
forces  contemplated  according  to  DLVO  theory  with  a 
third  type  of  very  short  range  (S9  nmX  repulsive  hy¬ 
dration  forces.  TIicm  short  range,  rspitevc  hydration 
forces  prevent  the  attractive  particlaa  from  tonching 
one  another.  Accordingly,  under  appropriate  condi¬ 
tions  these  forces  allow  particles  to  s^  pM  one  an¬ 
other  easily  aad  pack  to  a  higher  dentity  duriagconscli- 
dation  than  would  otherwise  be  the  case  enber  with  dry 
solid  particles  or  with  touching  particle  networks.  This 
third,  repulsive  potential  only  acu  when  the  separation 
distance  between  the  surfaces  is  very  small  (i.e..  less 
than  about  S  nm).  where  the  attractive  van  der  Waals 
potential  becomes  strong. 

The  formation  and  properties  of  hydration  layers  in 
solutions  of  plate-like  clay  particles  is  known,  and  the 
influence  of  hydration  layers  on  interactions  between 
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molecularly  smooth  mica  surfaces  has  been  reported  readily  be  made  by  one  famii,,,.  imure  and 

[Pashley.  R.  M..  "OLVO  and  Hydration  Forces  be-  properties  of  the  ccramK  powder  Inoreaiuc  salts,  such 

tween  Mica  Surfaces  in  Li’.  Na’.  K’.  and  Cs-  Elec-  as  NaCl.  NHaCl,  Nal.  etc.,  are  suital^ for  use  with 

trolyte  SoImmh:  A  Corrclaiioa  of  Double-Layer  and  most  ceramic  powders  and  arc  considered  m  detaU  m 

Hydnoon  Fowwith  Surface  Cation  Eachante  Prop-  5  the  acoompanyinf  eaamplei 

eniei,"  /  CaM  Md  inurfaet  Scitnct  «3(2).53l-S4d  In  accordance  whh  a  preferred  embodiment  of  the 
(1981)].  It  haa  wtm  unexpectedly  been  found  that  tha  present  invenbon.  a  water  saturated  powder  compact 

hydration  layer  repulsion  phenomenon  is  not  limited  to  containing  a  weakly  anracb^  network  for  use 

situations  where  plate-like  surfaces  (as  are  found  with  in  accordance  with  the  inventive  — ««i»^  may  be  pro¬ 
clay  panicles)  exhibit  surface-charging  behavior.  10  duced  by  the  feUowing  sequence  of  typ>atkw*  (I) 
In  experiments  with  AlK>}  powders,  salt  was  added  forming  a  disperaed  slurry  (Le.  a  mixture  of  powder  and 

to  an  aqueous  Al^Otslurry  prepared  at  a  pH  known  to  liqmd)  by  mixing  a  ceramic  powder  (fsneraUycompns- 

produce  a  positive  surface  charge  and  a  highly  dia-  ing  km  than  30  volume  %  powder)  sviih  water  at  a  pH 

parsed  partick  network.  Hydrated  anions  were  at-  that  psodaom  a  net  aufftce  chwfi  Md  a  highly  lupul- 

tracted  to  the  poaittvely  charged  AtiOj  surface.  Whan  ts  sivaisNafpaiiiGlafMoatfDaddi^aaaflieiaataBOunt  of 
sufficient  sah  was  added  to  the  slurry  it  was  noted  that  a  sah  to  the  dkparsad  alntiy  lo  couae  partides  within 

the  dispersed  network  was  altered  to  what  superficially  the  slurry  to  attract  ooe  aneihar  and  (3)  the 

appeal^  as  a  flocoed  network  predicted  by  the  DLVO  -nliimr  frartinn  nf  panirki  (hj,  a  g  .  pistsiirr  nitrsiinii 

theory.  After  further  experiments,  it  was  concluded  that  or  ceatriftigBiioa)  to  farm  a  umkr  —*->««««<  powder 

the  sah  did  change  the  dispersed  network  to  an  attrac-  20  compact  with  a  antfarm  and  vary  high  partick  packing 
five  network,  but  that  this  new  attractive  network  was  den^.  The  eo^nlatod  starry  hm  a  higher  viacoaity  at 

not  cohesive.  That  is.  unlike  a  flocced  network,  the  a  given  voluaae  framion  of  powder  raktive  to  a  dis- 

parttcles  in  this  network  could  easily  be  rearranged.  posad  slurry.  Thm.  if  dm  volume  fraction  of  powder 
Additions  of  more  counterions  continuously  reduced  were  too  high  m  tha  eoagakaad  slarry  (La-,  sahstantially 

the  ekctroautic  repulsive  potential.  This  dispersed  par- 23  grmterthandhomJOvohanalhXfathaology  wouldbe 
tick  network  became  an  attractive  network  above  an  that  of  a  pamn  raihar  ifan  a  flMaMe  slarry  mtaMe  for 


optimal  concentration  of  counterions  due  to  the  persis¬ 
tent  van  der  Waak  potential.  As  the  hydrated  counter- 
ioos  raduoed  the  electrostatic  repulsive  potential,  they 
aho  appeared  to  fonn  a  hydrat^  surface  kyer,  thus.  30 
they  built  a  strong,  shon  range  repulsive  hydration 
potential.  Instead  of  falling  into  the  deep  potential  well 
to  produce  a  coheave,  touching  network  predicted  by 
OLVO  theory,  the  particles  slipped  into  a  well  with  a 
more  modest  depth  to  produce  an  attractive,  but  non-  33 
touching,  panicle  network  called  a  "coagulated**  net¬ 
work  (as  schematically  illustrated  in  FIG-  Ir). 

In  accordance  with  preferred  embodiments  of  the 
present  invention,  coagulated  ceramic  panicle  net¬ 
works  are  formed  by  adjustment  of  the  pH  of  a  db-  40 
persed  slurry  of  the  panicles  and  of  the  amount  of  salt 
added  to  the  slurry.  This  in  turn  controls  the  residtial 
long  range  electrostatic  repulsive  potential,  and  possi¬ 
bly  the  strength  of  the  shon  range  repulsive  hydration 
potential  as  well.  No  additional  effects  are  observed  43 
when  the  salt  concentration  is  greater  than  an  optimal 
value  (i.e..  an  amount  of  salt  which  reduces  the  kmg- 
range  electrostatic  repulsive  potential  to  zero).  This 
suggests  that  hydrated  counterions  are  no  km^  at¬ 
tracted  to  the  s^ace.  all  of  the  electrosutic  repulsive  30 
potential  is  dkopaied.  and  the  system  resides  in  the 
deepest  potentkl  waB  that  can  be  established  when  the 
repulsive  hydnafas  notcntial  is  summed  with  only  the 
attractive  van  da|  frank  potential.  This  sute  appears  to 
produce  the  stradgmi.  nosMouching  cosgukied  pani-  33 
cle  network,  but  a  much  weaker  network  relative  to  the 
flocced  network. 

The  particular  salt  or  salts  employed  is  not  critical  to 
the  present  invention;  a  wide  variety  of  organic  and 
inorganic  salts  would  in  principle  be  useful  in  develop-  <0 
ing  a  coagukted  particle  network  due  to  the  short  range 
repulsive  potential  of  the  charged  ceramic  panicles. 
Depending  upon  the  composition  of  the  specific  ce- 
'  ramie  panicles,  however,  in  cenain  instances  panicular 
types  of  salts  might  be  inappropriate  by  vmue  of  the  63 
possibility  that-  the  salts  would  react  with  the  ceramic 
panicles,  and  such  salts  would  therefore  be  avoided  in 
those  instances.  Otherwise,  the  choice  of  salt  would 


thu  body  k  wfaMMi  M  •  mdlMl  vfamfaL ‘Tlw  oom- 
poet  k  tkm  foramd  kko  •  dkrirad  ahopt  aad  find  to 
provide  the  final  cm— ic  profaci 

The  impiicetiooa  of  the  porlkit  oetworka  have  direct 
bearing  on  the  particle  padkmg  deakty  m  well  m  on  the 
rheoki^  of  pmame  rnoioHdatail  partieukte  bodies 
and  on  proceiiing  ceramicx  nd  their  compoktea.  Fig.  2 
shows  the  vkeoaky  vs  shear  me  km  a  aeries  of  aqueous 
slurries  cootaiamg  20  vofamm  9k  of  aa  aluminum  oxide 
powder.  The  viscosity  of  the  dkpefied  slurry  (preimred 
at  pH  »4,  without  added  sah)  k  low  aad  rektively 
independent  of  shear  rate;  it  represeau  the  behavior  of 
a  highly  repulsive  pankk  network  (FIG.  lb).  The  vis¬ 
cosity  of  the  flocc^  slurry  (pH«9.  with  and  without 
salt  additions)  is  highest  relive  to  other  slurries  and 
exhibits  extensive  shear  thinning  indicative  of  a  strongly 
cohesive,  touching  partick  network  (FIG.  Ic).  The 
influence  of  salt  (NHaO)  additioas  on  the  viscosity  of 
dispersed  20  volume  %  alumina  slurries  (at  pH«4)  is 
shown  by  a  aeries  of  curves  between  the  curves  for  the 
dispersed  and  flocced  slurries.  As  shown,  the  added  salt 
increases  the  vkcoaity  of  the  slurry  aad  produces  shear 
thinning  behavior  indicative  of  a  wc^y  attractive, 
non-touching,  coagukted  network  (FIG.  Ic). 

The  behavior  of  the  coagnktfd  slurries  was  depen¬ 
dent  on  NH«G  concentration,  Le.,  their  vkoosity  at  any 
shear  rate  increased  over  four  ordeis  of  magnitude.  No 
further  changes  in  vkcoaity  were  observed  when  the 
salt  concentration  exceeded  a  saturation  maximum  of 
1.7  M  NHaCL  which  k  the  maximum  practical  value  of 
added  salt  for  thk  system.  Whik  the  degree  (slope  of 
the  viscosity  vs  shear  rate  curve)  of  shear  thinning  is 
similar  to  that  of  flocced  slurries,  the  magnitude  of  the 
viscosity  at  any  shear  rate  depended  on  the  amount  of 
added  sdt.  At  a  salt  content  grmter  than  or  equal  to  the 
saturation  maximum  (which,  in  thk  case,  k  also  the 
maximum  practical  salt  coocentration),  the  viscosity  of 
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the  coaculsicd  sluiriet  is  •bout  one  order  of  magnitude 
lower  than  that  for  the  flocced  slurries.  This  behavior 
suggesu  that  a  iMar  attractive  network  caistt  within 
both  the  coagiilaliid  and  floooad  slurries,  but  that  the 
magnitude  of  ijMrparticle  anractioo  is  altered  by  the  s 
salt  concentratitM. 

As  shown  in  FIG.  Ic.  the  particles  in  coagulated 
slurries  are  weakly  held  together  in  a  shallow  “hydra¬ 
tion  mininium*'.  llie  depth  of  the  hydratioo  minimum 
controls  the  strength  of  the  attractive  but  non-touehait  10 
panicle  network  m  the  coagulated  slurries.  The  data 
shown  in  FIG.  2  strongly  *»»gg*w  that  the  attractive 
particle  network  becomes  stronger  with  added  aah.  but 
never  as  strong  as  the  flocced  network. 

In  accordance  with  preferred  eabodhaents  of  the  IS 
present  invention,  the  addttioo  of  appropriate  anwonts 
and  types  of  laltt  is  eniptoynd  to  decrease  the  aagntadc 
of  the  long  range  electtostatic  repulsive  force.  Fowders 
that  react  with  acidic  or  basic  water  arc  positively 
charged  on  the  acidic  side  (Lc..  at  low  pH)  and  a^a-  10 
lively  charged  on  the  basic  side  (at  high  pH).  Depend¬ 
ing  on  the  stttfooe  chemistry  of  a  given  powder,  at  a 
particular  pH  the  panics  are  neutral  (i.e..  the  number 
of  positive  sarfoce  sites  squab  the  number  of  negative 
sites).  Thb  pH  b  defined  as  the  point  of  aero  charge  25 
(PZC).  One  may  determine  the  PZC.  and  thna  the  pH 
that  separates  poaitivciy  flam  negatively  charged  sur- 
foces,  by  a  variety  of  known  techniques.  IJaiag  elaciro- 
phoretic  leehtiiques,  for  caample.  the  slurry  b  placed 
between  a  potential  gradient  and  the  parade  velocity  b  30 
detenaiiied.  For  alumina,  the  PZC  b  about  pH  9;  for 
silica,  about  pH  4.  For  silicon  nitride,  the  PZC  b  be¬ 
tween  about  pH  4  (if  the  surface  u  highly  osidiaed  to 
resemble  silica)  and  about  pH  7  (for  a  less  osidued 
surface).  33 

The  pH  range  to  which  the  powder  u  appropriately 
brought  before  adding  the  salt  is  variable,  and  is  deter¬ 
mined  relative  to  the  PZC  for  that  powder.  Preferably, 
the  pH  is  as  close  as  possible  to  the  valuefs)  where  the 
surface  charge  may  be  brought  to  the  maaimum  (i.e.,  a  so 
pH  at  an  optimum  variance  from  the  PZC).  For  esam- 
ple,  for  alumina  powder  an  optimum  pH  b  between 
about  2  and  4;  ihb  range  produces  the  largest  positively- 
charged  surface,  and  thus  the  largest  imerfo^  poten¬ 
tial  difference  (zeta  potential).  For  other  powde^  the  as 
optimum  pH  range  for  formation  of  a  collated  net¬ 
work  may  be  determined  in  a  manner  known  per  se 
using,  e.g..  electrophoretic  measurementt  which  define 
the  zeu  pottetbl  vs,  pH. 

Up  to  a  pMticnlart^  concentration  for  each  ceramic  SO 
particle  symmn,  incrcabag  additions  of  salt  increase  the 
magnittide  tt  the  attractive  interparticle  forces.  Deter- 
asiaation  oAh  flflbetiyc  salt  concentration  range  for  use 
with  any  given  ceramic  powder  material  may  be  carried 
out  emp^caUy  in  a  manner  known  per  se  by  those  SS 
skilled  in  the  art  of  colloid  chemistry,  llie  desired  coag- 
ubted  network  can  be  formed  within  a  range  of  add^ 
salt  concentrations;  for  example,  with  alumina  powder, 
it  may  range  between  about  0. 1  and  about  1.7M  NH4CI. 
Any  concentration  within  thu  range  would  be  a  sufR-  60 
cient  amount  of  added  salt  to  form  a  coagulated  net¬ 
work.  As  shown  in  FIG.  2,  the  amount  of  salt  added 
within  this  range  only  changes  the  strength  of  the  coag¬ 
ulated  network;  the  method  of  the  invention  may  be 
carried  out  with  any  network  strength,  as  long  as  the  63 
desired  coagulated  network  is  formed. 

Determination  of  the  minimum  amount  of  salt  neces¬ 
sary  to  just  produce  an  attractive  particle  network  may 
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be  determined  for  any  given  powder  by  first  producing 
a  dbpersed  slurry  at  the  appropriate  pH  and  then  add¬ 
ing  small,  known  meremenu  of  salt  until  the  particics 
within  the  slurry  attract  one  another,  la  diluu  slurncs 
(for  eaample.  those  containing  less  than  about  I  to  3 
volume-%  of  powder),  the  formation  of  an  attractive 
network  may  be  monitored  vbually;  groups  of  particles 
come  together  to  form  noticeable  agglomerates,  chang¬ 
ing  the  teatare  of  the  slurry. 

Altemativaly,  the  atinimam  amount  of  aah  necessary 
to  fona  an  attractive  pnrtide  network  may  be  deter- 
nnedaab^aadimeaiatioa  cohtttms.  Shtrrim  containing 

amna  for  anwatal  hmn.  Theatarry  wbh  the  minimum 
sab  coaiatb  thm  davaiopa  a  daar  mpaiaaiaat  deflnes 
the^mimmaim^  CM  aaommey  to  attractive  net- 


hehnvior.  thna  daeamaa  foto  vbnobtv  bv  more 

-^^neaana  ™  p  m^^aap  agM^p  tgm^ma^mma^a^P  egBaa^ma  ^r  Baae^^e^aa^^s  a^ ^p  ^a^^ams  ar 

than  three  ontot  of  ammdhMla  artih  iacieaBiag  shear 


live  method  of  fora^  ooavlaMbapad  articles  them¬ 
selves  eihibb  enemive  shaar  ram  dtinaiag.  Has  allows 
the  compact  to  behave  hi  a  aaWIcbialy  liquid  likt  man¬ 
ner  wbn  vibraiad  10  M  a  eoatplex  omM  cavity,  but 
allows  the  newly-shaped  article  to  letaia  its  shape  once 
the  vibration  b  siopp^  h  bdeveiopmeac  of  the  coagu¬ 
lated  network  (the  particha  are  weakly  attractive  but 
non-touching  due  to  short  range  lepubive  forces) 
which  impans  to  both  the  slurry  and  the  saturated  pow¬ 
der  compact  derived  therefrom  the  characteristic  rheo¬ 
logical  propenies  exploited  in  accordance  with  the 
present  invention.  Both  the  slurry  and  the  panicle  com¬ 
pact  behave  in  a  manner  heretofore  observed  only  with 
materials  like  clay;  while  clay  materials  appear  to  de¬ 
velop  their  sbon  range  repulsive  potential  naturally,  it 
has  heretofore  not  been  observed  and  would  not  have 
been  expected  that  ceramic  powders  could  be  manipu¬ 
lated  in  a  manner  such  that  materiab  with  such  proper¬ 
ties  could  be  prepared  therefrom, 

Colloidal  powder  treatments  (sedimentaiioo  and/or 
filtration)  can  be  used  to  etiminate  many  heterogeneities 
commoo  to  powders  and  ensure  more  uniform  phase 
distribution.  Thb  permits  the  preparation  of  ceramics  of 
enhanced  unifonnity  and  adth  greater  reliability.  In 
addition,  thb  method  b  not  only  extremely  simple,  ine.x- 
pensive  and  safe  but  also  avoids  the  use  ^  organic  sol¬ 
vents,  polymeric  binden  and  pinsticizers. 

To  consolidate  particles  into  saturated  powder  com¬ 
pacts,  the  volume  fraction  of  particles  within  a  slurry  is 
increased  by  particle  partitioning  methods,  such  as  pres¬ 
sure  filtration  and/or  centrifugation.  Increasing  the 
volume  fraction  of  particles  also  changes  the  slurry 
rheology.  The  highest  volume  fraction  of  panicle  that 
can  be  packed  together  for  a  given  consolidation  pres- 
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sure  will  depend  on  ihe  mterpwticle  potentutl.  The  a 

viscouty  of  Ihe  dciucly  packed  panicle  $lurry  is  ex-  h 

ireincly  hifh  aad  ii  behaves  much  like  a  solid  ai  slow  fi 

shear  rates.  TlHH  dcaaely  packed  slurries  can  thus  be  b 

considered  as  nomied  powder  compacts.  The  rheoh  3  a 
ogy  of  the  sattMad  powder  compacts  depends  on  the  e 
interparticle  pouatial.  c 

Pressure  filtration  is  one  suiuble  method  for  consoli'  r 
dating  powders.  A  slurry  (for  example,  alumina  powder  t 
in  water)  confined  within  a  cylinder  is  acted  upon  at  one  10  t> 
end  by  a  plunger  which  forces  the  fluid  within  the 
slurry  through  a  filter  at  the  other  end.  Panicles  within  o 

the  slurry  are  trapped  at  the  filter  to  build  up  a  coaacrii-  e 

dated  layer  as  fluid  is  forced  through  the  Uyer  aad  then  \ 

through  the  filter.  Pressure  filtration  conccatratcs  the  IS  « 
particles  within  the  slurry  to  form  a  Uyer  consisting  of  t 

densely  pKked  particles.  After  a  single  Uyer  of  parti-  t 

cles  is  trapped  by  the  filter,  the  trapped  particles  them-  \ 

selves  become  pan  of  the  filter  through  which  fluid  i 

must  flow  t  trap  more  panicles.  The  consolidated  Uyer  10  ( 

ih«gke"«  in  proportion  to  the  amount  of  slurry  filtered;  i 

consolidation  stops  when  the  top  of  the  Uyer  encoun-  ] 

ters  the  plunger.  At  this  point,  all  of  the  particles  which  ■ 

were  initi^y  in  the  slurry  arc  densely  packed  within  the  i 

consohdatedbodyaadany  space  left  within  the  densely  IS  ] 
pecked  particles  is  filled  with  fluid.  The  consolidated  ( 
body  is  then  removed  from  the  cylinder.  Additional  ) 
fluid  can  be  removed  by  evaporative  drying.  i 

For  powders  comprising  dense,  spheri^  particles.  j 
prcaiurc  flltritvui  uudies  have  shown  that  interparticlc  30  | 
forces  have  the  greatest  effect  on  panicle  pecking  den-  i 
shy.  Oispened  slurries  (highly  repulsive  intcrparticle 
forces)  produce  much  higher  packing  densities  than 
flocced  slurries  (highly  anractive  interperticle  forces); 
particularly  high  particle  pecking  densities  can  be  3S 
achieved  pursuant  to  the  present  invention  using  coagu¬ 
lated  slurries  (shon  range  hydration  layer  repulsion) 
Centrifugation  is  another  technique  for  fractionating 
colloidal  slurries.  Panicles  in  a  slurry  are  centrifuged 
into  a  mold,  followed  by  decanution  of  the  supernatant  40 
liquid  and  removal  of  the  packed  panicuUte  body  from 
the  mold.  The  stress  is  applied  to  each  elemrat  of  the 
component  rather  than  to  its  exterior.  An  obvious  con¬ 
sideration  is  the  effect  of  polydispersity  in  particle  sue. 
as  sedimenution  rates  during  centrifugal  acceUration  45 
vary  with  particle  size  and  density.  The  use  of  flocced 
or  coagulated  rather  than  dispersed  paniculate  systems 
can  overcome  this  difficulty,  as  a  flocced  or  a  coagu¬ 
lated  system  consolidates  as  a  network  rathm  than  by 
motion  of  individual  particlet.  Uniform  packing  demi-  30 
ties  in  centrilbgnrt  particuiate  bodies  can  be  also 
achieved  by  pnommng  with  concentrated  dispersed 
slurries;  bowevuK.  aa  mdicaiied  above,  processing  with 
concentrated  dM^ened  slurries  is  extremely  cmplex. 
Centrifiigatioa  can  be  conveniently  used  to  unifomUy  SS 
pack  polydispersed  panicles  from  coagulated  slurries 
without  being  concerned  about  mass  segregation. 

The  influence  of  interpanicle  forces  on  the  rheology 
of  consolidated  bodies  hm  been  characterized  with  the 
help  of  stress  relaxation  experiments.  A  fixed  compres-  40 
sive  strain  was  applied  to  saturated  consolidated  bodies 
made  by  pressure  filtration  and  the  accompanied  stress 
relaxation  as  a  function  of  time  was  recorded.  The  stress 
relaxation  behavior  is  an  indirect  indication  of  the  rheol¬ 
ogy  of  the  consolidated  bodies.  As  consolidated  panicu-  65 
late  bodies  consisting  of  attractive  forces  tend  to  be 
solid-like  or  elastic,  these  bodies  only  relax  to  about 
70%  of  the  peak  stress.  However,  consolidated  bodies 
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made  from  dispersed  u  well  as  coagulated  slurries  ex- 
hibii  plastic  behavior.  The  consolidaied  bodies  made 
from  coagulated  slurries  consistently  appear  to  have 
better  shape  retentkw  characteriKics  when  compared  to 
a  body  made  from  a  dispersed  slurry,  because  they 
exhibit  a  yield  streu  for  plaatic  flow.  An  unporum 
characteristic  of  the  bodies  made  from  coagulat^  slur¬ 
ries  IS  that  the  plastic  flow  behavior  is  retained  when 
stored  without  moisture  loss  for  as  much  aa  a  week  to 
ten  days. 

The  inventive  method  is  appiieabic  to  the  preparation 
of  complex  shaped  bodies  ftw  a  wide  variety  of  differ¬ 
ent  ceramic  ptwvden.  For  pnrpoaai  of  the  present  in¬ 
vention.  ceramic  powders  are  conarmplatert  at  includ¬ 
ing  all  non  mnallir  Miefiala  which  may  be 

formed  into  a  dcaifed  shape  and  than  tieaiad  (typically, 
by  heatiag)  to  fbem  a  final  caramk  product.  Aa  is  well 

known  in  the  art  thiB  dam  of  eeramie  powders  includes 

a  wide  variety  of  dilfcieni  daaam  of  compouads,  in- 
duding  in  partienlar  oiideai  aiiridaA  borides,  carbides 
aad  teUuridcs.  For  example,  the  fottowing  aaaterials 
have  all  been  uaad  to  peepare  ceramic  products:  alu- 


variotts 


thereof. 
Mtal  ion 
I  dearly 


■hcoo  aitfida  aad  ytiria.  aa  wea  aa  mmtana  therM. 
Furthar.  powders  oonaiaiaf  more  than  one  amtal  ion 
(e.g..  bia^  aad  ternary  eompoanda)  an  alro  dearly 
luiti^  ftir  nia  in  aoooednnen  edih  the  peeaam  inven- 
non.  In addiriomjehila dn^mamt^ aregroainlhM^ 

may  be  dwiibhle  to  am  ttme  amim^  m  almrimiro 
formulatioaa  m  are  well  kaoumhi  the  art  (meh  m  disks, 
whisken,  etc.). 

The  foUowiag  examplm  serve  to  Utamrate  venous 
aspccu  of  the  present  inveatioa. 

EXAMPLES 
Example  1 
Slurry  Preparation 

Aqueous  slurries  conieining  20  voL  %  a-dumina 
powder  (0.4  yim  median  size)  were  uwd  in  this  study. 
All  the  slumes  were  prepnred  by  first  dispersing  the 
Bs-received  powder  in  deiooized  water  at  pH4  without 
ionic  strength  adjustments.  At  pH4  (O  M  NHsCl)  the 
zeu  potential  of  alumina  is  sufficiently  large  to  keep 
panicles  dispersed  through  strong  electrostatic  repul¬ 
sion.  A  high  shear-field,  obtained  by  immening  an  ultra¬ 
sonic  horn  m  the  slurry,  aided  in  breaking  span  soft 
agglomerates.  Finally,  ionic  strength  and/or  pH  adjust¬ 
ments  of  slurries  were  made  m  required.  Analytical 
pade  HNO)  and  NH4OH  were  used  for  pH  adjust¬ 
ments;  analyticnl  grade  NHaO  wm  used  for  ionic 
strength  adjustments. 

The  following  terminology  is  adopted  to  distinguish 
i  between  the  three  types  of  alumina  sluirict  that  were 
used  in  this  study;  (1)  slurries  at  pH  9  with  and  without 
NHaO  are  •‘flocced”;  (2)  slurries  at  pH4  without 
NHaO  are  "dispersed";  and  (3)  slurries  at  pH4  with 
NH«a  are  "coagulated”.  In  the  prcMt  study,  the  ionic 
)  strength  in  coagulated  slurries  is  adjusted  to  1.5  M. 

Consolidation 

Pressure  filtration  was  used  to  make  consolidaied 
ceramic  bodies  using  the  coagulated  alumina  slurry.  A 
5  predetermined  volume  of  slurpr  was  poured  into  a  cy¬ 
lindrical  filtration  die  2.54  cm  in  diameter  to  make  con¬ 
solidated  bodies  having  a  thicknem  of  I  to  1.5  cm  once 
filtration  was  complete.  A  final  consolidation  pressure 
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of  14.6  MPa  waa  uaad  ia  all  (lie  eapehncDis.  The  alu-  I  S  M  NHtQ).  and  drying  the  caranic  without  crack- 

mina  powder  uaad  in  the  proant  study  could  be  packed  ing.  the  dried  ceramic  could  not  be  removed  from  the 

to  a  nmnwum  4mmy  of  0i62.  AAm’  pressure  fUterug  mold  without  damage.  Therefore,  a  second  '•»«»»"g 

the  coagulated  slurry,  the  consolidation  body  was  procedure  was  adopted,  in  which  silicone  rubber  was 


ejected  from  tho  die  and  was  immediately  transferred  S 
into  a  zip>lock  plastic  bag  containing  a  moist  paper 
towel  and  sealed  to  prevent  the  sample  from  drying. 
The  presence  of  the  moitt  towel  was  to  ensure  100% 
humidity  in  the  sealed  bag  so  as  to  prevent  the  body 
from  dr^g  during  storage.  10 

Epoay  Mold  Preparation 

A  tapered  rotor  shaped  plastic  male  die  (3  cm  in 
diameter  and  Z.S  cm  in  height)  was  prepared  using  an 
eposy  mold  containing  the  ro(or>i)iap^  cavity.  The  IS 
epoay  mold  waa  prepared  by  the  foUowiag  procure. 
The  plastic  die  was  initially  coated  svith  a  siliccM  die 
release  agent.  Then  the  die  was  placed  upri^t  resting 
on  itt  wide  base  in  a  paper  cup.  A  sufHcieat  amount  of 
quick  set  epoxy  resin  was  prepared  and  careftiUy  pored  20 
over  (he  plastic  die  ia  the  cup.  After  allowing  the  assem¬ 
bly  to  set  for  15  minntaa.  the  die  was  separated  from  the 
epoxy  resin.  This  procedure  allowed  making  casting 
molds  with  excellent  dimensional  stability  and  surface 
smoothness.  These  molds  were  used  sub^uently  for  2S 
casting  the  plastic  ceramic. 

Ceramic  Shape  Forming 

Prior  to  ceramic  molding,  the  epoxy  mold  was  given 
a  thin  coat  of  high  vacuum  silicone  grease  to  allow  the  30 
molded  ceramic  to  be  easily  removed.  The  saturated 
powder  compact  (stored  in  a  plastic  bag)  was  then 
placed  in  (he  cavity  of  the  mold.  The  mtM  containing 
the  saturated  powder  compact  was  then  caused  to  flow 
into  every  part  and  comer  of  the  mold  by  gently  t^  3S 
ping  (he  mold  on  the  table.  This  upping  produced  sufli- 
cieni  vibratiofis  to  impart  viscous  flow  to  the  plastic 
body,  which  faciliuted  filling  every  part  of  the  mold.  In 
addition  to  the  plastic  flow,  during  the  course  of  up¬ 
ping  expulsion  of  air  bubbim  initially  trapped  between  so 
the  plastic  body  and  the  mold  walls  was  observed  to 
have  taken  place.  Once  all  the  material  is  evenly  distrib¬ 
uted  in  the  mold,  the  tapping  was  stopped  and  the  satu¬ 
rated  particulate  body  (along  with  the  mold)  was 
weighed.  After  24  hours  of  air  drying  and  12  hours  of  43 
oven  drying  at  60*  C..  the  shaped  body  shrank  (about 
1%);  thU  faciliuted  removal  of  the  cast  body  without 
damage.  Assuming  that  the  body  contained  only  alu¬ 
mina  powder  and  water,  the  saturated  pocking  density 
was  again  deHrannod  by  weighing  the  body  bMore  and  3D 
after  dryinp.  The  shaped  ceramic  had  a  relative  packing 
density  of  CMk  ie..  identical  to  the  saturated  powder 
compact  body  fcemad  by  pressure  filtration. 

Heat  Treatment  of  the  Ceramic  j3 

The  dried  ceramic  particulate  articles  were  first  heat 
treated  at  3(X>*  C.  to  sublime  NHaCl  from  the  ceramic. 
Thereafter,  the  ceramic  was  densified  at  ISSO*  C.  for  3 
minutes.  The  densified  alumina  body  had  a  relative 
density  of  98%  (i.e..  98%  of  the  theoretical  density  of  60 
aluminum  oxide) 

Example  2 

Attempts  were  also  made  to  form  a  complex  ceramic 
shape  (e.g..  a  gear)  using  (he  procedure  described  in  63 
Example  1.  Although  the  attempts  were  extremely  suc¬ 
cessful  with  respect  to  making  the  epoxy  mold,  filling 
the  mold  with  the  saturated  consolidate  body  (pH4, 


substituted  as  the  mold  maieriaL  Once  cured,  silicone 
rubber  exhibiu  some  flexibility,  yet  it  is  rigid  enough  to 
be  an  ideal  material  for  fonning  complex  shapes. 

Silicone  Rubber  Mold 

Except  for  the  dtflbrtnt  moU  uekmg  material,  for 
making  a  mold  conuining  a  gaar-sheprd  cavity  the 
procedure  ia  aisnilar  so  that  of  the  apoxy  mold  prepara- 
tkm  ptocedum,  dascribad  in  Example  1.  Dow  Coning 
silicone  rubber  (31 12  RTV)  sm  anxad  thofoughly  with 
10  vol.  Dow  Coning  casalyat  (RTV  I)  and  then  the 
mixture  waa  degasaad  so  eapal  any  munpped  air.  The 
nuxturc  was  than  caraftdly  ponrad  over  a  graaaed  metal 
gtar.  After  12  hows  of  cml^  at  room  sampentnre.  the 
metal  gear  was  removed  from  the  hardened  rubber  cast 
by  simply  pudni%  the  gear  oat  of  the  aaold. 

Casting  of  the  Ceramic  Ocar 

Making  of  the  saiuruiad  ownsohdaiad  body,  sha^g  it 
in  sUscone  rubber  mold,  and  drysag  the  ranmic  in  the 
mold  was  dons  aa  par  the  psonadmu  daacited  in  Exam¬ 
ple  I.  Finally,  the  dried  oasMictMaqiacmd  mat  of  the 
mold  with  gsmtenaieiii^  Ahant  95%  of  dm  gipr 

paiiaoa  of  tha  aannnic  gav  a4aBani  lotta^aMl  gpr 
fonflrmed  that  lha  qpalqr  affMr  iapiodncdlo»aMj|ll 

in  view  of  tha  samB  dhMMiana  of  %a  gewr  saath  (mini¬ 
mum  width  of  0.72  mmX  TMi  damemaiaaaa  that  the 
present  terhniqae  can  ha  and  for  xsakiag  complex 
shaped  ceramic  pans.  Thona^  ooating  of  the  rubber 
mold  with  sibom  gruase  ^tripping  agent)  prior  to 
ceramic  •****^g  ia  obaervad  to  be  a  most  hnponant 
factor  ia  producing  a  oaramic  gear  with  all  of  its  teeth 
remaining.  The  drM  and  sintered  eeramic  prepared  in 
this  manner  showed  remarkable  reproductioo  of  the 
original  gear. 

Example  3 

Lubricating  surface  layers  as  formed  on  alutnina  par- 
tides  in  Examples  I  and  2  can  also  be  introduced  into 
other  ceramic  systems  such  as  zirconia.  titania.  silica, 
silicon  carbide,  silicon  nitride,  etc.  In  the  present  exam¬ 
ple.  surface  hydration  layers  were  introduced  on  zirco¬ 
nia  containing  3  mole  %  yttria  (Toaoh-Zirconia  TZ-3Y, 
Minato-ku,  Japan).  A  10  vol.  %  zirconia  was  disper^ 
in  water  at  pH  2.8  and  equilibrated  while  the  slu^  was 
being  ultrasooicated.  Later,  the  surfkce  lubricating  lay¬ 
ers  were  formed  on  zirconia  by  adding  1.5  NHaO  and 
the  pH  readjusted  to  2.8.  The  slurry  was  then  pressure 
filteied,  as  per  the  procedure  described  ia  Exmple  1. 
The  consolidated  body  «vas  thereafter  placed  in  the 
epoxy  mold  (consisttng  of  a  rotor-shaped  cavity,  as 
described  in  Example  1)  and  the  entire  assembly  was 
tapped  for  the  plastic  consolidated  body  to  flow  into  the 
mold.  The  shaped  ceramic  was  allow^  to  dry  ia  the 
mold;  after  drying,  the  relative  panicle  padcing  densit> 
of  the  ceramic  was  50%.  The  dried  ceramic  was  ejected 
from  the  mold  as  per  the  procedure  described  in  Exam¬ 
ple  1. 

Example  4 

All  commercial  submicron  sized  ceramic  powders 
consist  of  heterogeneities  such  as  coarse  panicles,  hard 
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kgglomeriies.  organic  and  inorganic  inclusions.  Such 
heterogenciiics.  if  not  separated  from  powder  prior  to 
consolidatioii.  can  act  as  stress  concentrators  ui  the 
densifM  ceraaic  and  can  adversely  affect  the  mechani¬ 
cal  propeniea  «f  the  ceramic.  It  has  been  demonstrated  5 
that  coUoid^  andioda.  Le.,  methods  of  controlling  and 
manipulating  dte  forces  between  particles  within  a  liq¬ 
uid.  can  be  used  to  fractionate  from  powders  heteroge¬ 
neities  (e.g.,  agglomerates  and  inclusions)  that  woi^ 
otherwise  lead  to  strength  degrading  flaw  populations.  10 
That  is,  colloidal  raeth^  to  treat  powdm  have  the 
potential  to  produce  more  reliable  ceramic 
Because  drying  can  reiniroducc  heterogeneities,  colloi¬ 
dally  treated  powders  must  be  packed  into  a  shajm  from 
their  slurry  sate.  High  imrticle  packing  densifics  the  IS 
powder  compact.  In  addition,  mass  and/or  phase  segre¬ 
gation  during  conaobdatioo  must  be  avoided. 

Preparation  of  Coagulated  Ceramic  Slurries  Free  of 

Heterogeneities  ^ 

In  both  the  traditional  approach  of  powder  fraction¬ 
ation  and  the  improved  method  suggested  in  the  present 
disclosure,  the  first  few  steps  of  the  process  are  essen¬ 
tially  the  same.  i.e..  (1)  disperse  ceramic  powder  in  pure 
water  at  a  pH  where  the  interpanicle  interactions  arc  25 
predominately  repulsive;  (2)  ultrasonicate  the  partieu- 
late  slurry  to  break  apart  the  sofl  agglomerates  in  the 
powder,  (3)  sediment  the  slurry  for  a  given  length  of 
time  to  separate  coarse  particle,  hard  agglomerates  and 
other  impurities  (for  a  given  particle  size  the  durmioo  of  X 
sedimentation  can  be  approximately  estimated  by 
Stokes’  cquatioo);  and  (4)  carefully  siphon  the  stqwma- 
tant  containing  desired  colloidal  particles  into  a  sepa¬ 
rate  container. 

In  the  traditional  approach,  the  particles  in  the  super-  3$ 
natant  are  flocced  by  adjusting  the  pH  to  the  point  of 
zero  charge  and  allowing  the  flocced  particles  to  sedi¬ 
ment.  Flocculation  of  the  desired  fraction  of  the  pow¬ 
der  in  the  supernatant  serves  two  functions.  First,  it 
concentrates  the  slurry  for  downstream  processing  so 
needs.  Second.  floccuUiion  prevents  segregation  of 
coarse  and  fine  particles  during  storage  and  handling. 
This  step  is  followed  by  using  the  slurry  for  consolida¬ 
tion  prior  to  which  one  may  or  may  not  disperse  the 
slurry.  Because  of  their  strongly  attractive  particulate  43 
network,  flocced  slurries  always  pack  to  a  lower  den¬ 
sity  than  the  dispersed  state.  One  may  pack  the  particles 
to  their  highest  density  in  the  dispersed  state  in  the 
absence  of  mass  segregation. 

Coagulation  insi^  of  flocculation  offers  an  ideal  and  30 
efficient  altemativt  for  colloidal  fractionation  and  pro¬ 
cessing  of  ceramica  powders.  In  an  improved  method  of 
colkN^  powder  lhactiosiaiion.  a  salt  of  known  concen¬ 
tration  is  added  so  the  tupematant  containing  the  dis- 
persed  ooUoidai  partkies.  The  addition  of  the  salt  to  the  33 
dispened  slurry  destabilizes  the  panicles,  leading  to 
coagulation.  The  coagulated  panicles  sediment  and  the 
supernatant  can  be  removed.  The  slurry  containing  the 
coagulated  panicles  can  be  directly  used  in  consolida¬ 
tion.  since  panicles  in  the  coagulated  slurries  pack  to  tO 
the  maximum  density. 

The  concentrated  coagulated  slurry  can  be  used  to 
make  useful  ceramic  shapes  following  the  procedure 
described  in  Example  I  or  2. 

Example  5 

Another  potential  advantage  of  colloidal  methods,  in 
addition  to  removal  of  heterogeneities,  is  its  ability  to 


mix  two  or  more  powders  to  produce  more  uniform 
multiphase  ceramic  bodiei  This  allows  one  to  manufac¬ 
ture  composite  ceramics.  The  second  phase  material  can 
be  an  alloying  agent  and/or  a  reinforcement  (panicle, 
whisker,  fiber,  disc  etc  ).  Typical  examples  of  the  first 
kind  of  composite  are  AliOj-ZrOj.  AljOj-MgO.  etc 
Examples  of  the  other  kind  of  composite  include  Al:Oj- 
SiC  (whisker).  SijNs-SiC  etc. 

For  making  thm  compoaites,  one  either  treau  indi¬ 
vidual  ccnasic  powders  to  fructiooate  heicrogeaetiies 
(as  per  F  sample  4)  foUosvad  by  cither  mixing  them 
together  and  then  *'^f"**iing  them  or  by  mixing  the 
coagulated  slunies  at  a  hi^  ahaar  rate  sufficieni  to 
break  span  the  cosnulated  natwoeks  and  form  a  new 
coagulated  network  oootainiH  both  phases.  When 
adzed  m  a  starry  state,  tWa  type  of  aadtioompooent 
dispefiiona  can  be  saiaad  thorai^hly  and  uniformly. 
The  compoaiie  onagalatad  starry  is  transformed  into 
uscAil  ceramic  oompoaents  m  per  the  prooedurc  de¬ 
scribed  in  Ftsmplf  1  and  2. 

While  the  mvantioa  haa  bean  deaerfoed  adth  refer¬ 
ence  to  exemplary  rmbnitimrau  thereof,  it  should  be 
noted  by  thoae  drilled  in  the  art  that  the  disclosures  are 
excmplaiy  only  and  thm  vartoas  other  ahematives. 
adaptations  and  modMceticna  amy  bn  amde  within  the 
scope  of  the  piaarnt  lautmiBn  4  rrnrdiagly.  dm  pres- 


em  iaveatiaa  is  not 
as  tBastraiad  haraii 
Whatisrliimiil 
L  A  method  of  I 


baioaiybpihcfaOoadi« 


!  product. 


(1)  faraang  a  eodgalated  network  of  caremic  powder 
pattielct  in  waaer  by  adtaatment  of  the  fiH  of  a 
dispersed  slurry  of  taM  oaramic  powder  panicles  in 
water  to  a  pH  that  prodacas  a  act  sarthoe  charge 
and  additioo  of  a  salHcient  amoaat  of  a  salt  to  the 
dispersed  slurry  to  form  said  coagalafed  network; 

(2)  trcaiiag  said  coagulated  aetsvork  of  ccratnic  pow¬ 
der  peniclcs  at  water  to  increase  the  volume  frac¬ 
tion  of  said  powder  panicles,  thereby  forming  a 
water  saturated  powito  compact;  and 

(3)  firing  the  compact  to  provide  said  dense  ceramic 
product. 

2.  A  method  according  to  claim  1,  wherein  the  com¬ 
pact  is  formed  into  a  desired  shape  prior  to  firing. 

3.  A  method  according  to  cla^  2,  wherein  said  de¬ 
sired  shape  is  formed  by  introducing  the  compact  into  a 
mold  and  subjecting  the  mold  to  vibration  sufficient  to 
induce  flow  of  the  compact,  whereby  the  compact 
adopo  the  shape  of  the  mold. 

4.  A  method  according  to  claim  1,  wherein  said  coag¬ 
ulated  network  is  formed  by; 

mixing  a  ceramic  powder  with  water  at  a  pH  that 
produces  a  net  surface  charge,  to  form  a  dispersed 
slurry;  and 

adding  a  sufficient  amount  of  salt  to  the  dispersed  to 
cause  panicles  within  the  slurry  to  form  a  coagu¬ 
lated  network. 

5.  A  method  according  to  claim  1,  wherein  the  dis¬ 
persed  slurry  comprises  less  than  about  30  volume  % 
ceramic  powder. 

4.  A  method  according  to  claim  1,  wherein  said  salt  is 
selected  from  the  group  consisting  of  organic  salts, 
inorganic  salts  and  mixtures  thereof. 

7.  A  method  according  to  claim  6,  wherein  said  salt  is 
an  inorganic  salt. 

1.  A  method  according  to  claim  7,  wherein  said  inor¬ 
ganic  salt  is  selected  from  the  group  consisting  of  alkali 
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halides,  alkali  eanh  halides,  ammonium  halides  and 
miatures  thereof. 

§.  A  method  eceerdiag  to  claim  1,  wherein  the  ce¬ 
ramic  powder  i»«ieewd  fron  the  group  consisting  of 
oxides,  ahrides,  carbides,  borides  and  tellundei.  3 

10.  A  method  according  to  claim  f .  wherein  the  ce¬ 
ramic  powder  is  selected  from  the  group  consisting  of 
alumina,  zirconia,  titania.  silica,  silicon  carbide,  silim 
nitnde.  yttria,  lead  oxide  and  mixtures  thereof. 

11.  A  aietbod  according  to  claim  1.  wherein  the  vol-  to 
ume  fraction  of  particles  is  increased  by  pressure  filtra¬ 
tion. 

12.  A  method  according  to  claim  1.  wherein  the  vol¬ 
ume  fraction  of  particles  is  increased  by  centrifugation. 

13.  A  method  according  to  claim  1.  wherein  said  IS 

firing  comprises  a  first  beating  step  at  a  first  temperature 
sufficient  to  evaporate  water  and  pyrolyze  salt  from  the 
shaped  compact,  followed  by  a  second  heating  step  at  a 
second  temperature  sufficient  to  densify  tte  shaped 
compact.  20 

14.  A  tnethod  according  to  claim  1.  wherein  said 
coagulated  network  is  fon^  by: 

dispersing  the  ceramic  particles  in  water  at  a  pH  that 
produces  a  net  surface  charge,  to  form  a  dispersed 
slurry;  23 

ultraaonicating  the  slurry  to  break  apart  agglomer¬ 
ates; 

sadimeatiag  the  slurry  to  separate  remaining  strong 
agglomerates  and  inclusions; 

siphoning  off  supernatant  containing  desired  colloida}  30 
particles;  and 
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adding  a  sufficient  amount  of  salt  to  the  supemaiani 
to  form  a  coagulated  network. 

IS.  A  method  according  to  claim  1,  wherein  said 
coagulated  network  of  ceramic  powder  panicles  in 
water  comprises  at  least  two  different  types  of  ceramic 
powder  particles. 

14.  A  method  according  to  claim  IS.  wherein  said 
coagulated  network  is  formed  by: 

mixing  each  ceramic  powder  separately  with  water  at 
a  pH  that  ptoduces  a  net  surface  charge  with  that 
powder,  to  ftarm  a  plurality  of  dispersed  slurries; 

combining  said  plurality  of  diapersed  slurrica  to  form 
a  asixed  slurry;  and 

adding  a  tnfficieni  amount  of  salt  to  the  miied  slurry 
to  cause  particiea  withia  the  shurry  to  form  a  coagu¬ 
lated  network. 

17.  A  method  accordwig  so  claim  IS,  whereia  said 
coagulated  network  ia  formed  by: 

mixing  each  ceramic  powder  aaparately  with  water  at 
a  pH  thei  prodacm  a  net  mirbee  dmrge  with  that 
powder,  to  fotm  a  phnlity  at  dispefitd  slurries; 

adding  a  sufficient  aaaoaat  of  salt  to  each  of  said 
plurality  of  dispersed  slurries  to  cause  panicles 
within  each  slurry  to  fbrm  a  collated  network, 
thereby  forming  a  plunity  of  coagulated  slurries: 


work. 
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[57]  ABSTRACT 

In  a  Ce-Zr02-based  laminar  composite  having  en¬ 
hanced  fracture  toughness,  alternating  barrier  layers 
comprise  a  ceramic  material  that  undergoes  stress- 
induced  phase  transformation,  if  any.  less  readily  than 
Ce*Zr02.  Separation  of  the  barrier  layers  is  nonn^y  in 
the  range  of  abotM  10-200  ism,  wnh  optimum  individual 
barrier  layer  thicknesaes  at  the  lower  end  of  the  range. 
Powders  of  ceramic  materials  comprising  the  individual 
layers  of  the  composite  are  diuparand  in  separate  slur¬ 
ries.  The  pH  of  the  slurries  is  a^hrsied  to  fbm  coagula¬ 
tions  in  which  the  particles  settle  without  mass  segrega¬ 
tion  and  can  be  consolidated  to  high  derwity  by  centri¬ 
fuging.  After  centrifhgmg,  the  aupenaowt  liquid  can  be 
removed  and  a  desired  volume  of  another  slurry  can  be 
added  on  top  of  the  first  layer  of  consolidated  material. 
This  process  can  be  repmted  indefiaitely  to  form  a 
consolidated  structure  having  individual  layers  m  thin 
as  approximately  10  pm.  The  eoaielidaied  structure 
may  be  pressed,  shaped,  dried,  and  sinterad  to  form  the 
laminar  composite.  In  the  compoahe,  mteractieaa  be¬ 
tween  a  barritf  layer  and  the  amiMBtitic  tnaafcsmoUon 
zone  surroundiag  a  stack  or  iniaatalian  spsund  the 
transformation  zone  along  dm  m^en  adjacent  to  the 
barrier  layer.  As  a  resuh.  bonier  kyers  provide  large 
increases  in  toughness  Cor  credtt  growing  paralld  or 
normal  to  the  layers. 
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PARTIALLY  STABILIZED  ZRO:-BASED 
LAMINAR  CERAMIC  COMPOSITES 

GOVERNMENT  RIGHTS 

Th«  United  Sutes  Oovemmcni  has  ngh?  in  this  in¬ 
vention  under  comtaet  number  F49b20-89-C-003l 
awarded  by  the  Department  of  the  Air  Force  and  con¬ 
tract  number  NOOOI4-90-J-I441  awarded  by  the  Depart¬ 
ment  of  the  Navy. 

TECHNICAL  FIELD 

The  present  invention  relates  to  laminar  composite 
materials  and.  in  particular,  to  laminar  ceramic  compos¬ 
ites  having  enhanced  fracture  toughness. 

BACKGROUND  OF  THE  INVENTION 

In  ceria-partially-subilized  zirconia  (Ce-ZrOi.  or 
Ce-TZP),  high  fracture  toughneu  in  the  range  of  10-14 
MPaemi  has  previously  been  achieved.  Ce-TZP  is 
known  to  undergo  martensitic  transformation  from  the 
tetragonal  to  the  monoclinic  phase  as  a  result  of  stress. 
However,  the  elongated  shapes  of  the  stress-induced 
transformation  zones  surrounding  cracks  in  Ce-TZP  are 
not  optimal  for  producing  beneficial  transformation 
toughing.  In  other  zirconia  ceramics  of  comparable 
toughness  (such  as  magnesia-partially-subilized  zirco¬ 
nia  (Mg-ZiO],  or  Mg-KZ),  for  example),  the  transfor¬ 
mation  zone  extends  approximately  equal  distances 
ahead  of  and  to  the  side  of  a  crack.  In  contrast,  the 
transformation  zone  in  Ce-TZP  is  very  elongated,  ex¬ 
tending  ahead  of  the  crack  a  distance  of  10  to  20  times 
the  width  of  the  zone.  The  extra  transformed  material 
ahead  of  a  crack  in  Ce-TZP  degrades  the  toughness. 
Calculation  of  the  crack  tip  shielding  from  transforma¬ 
tion  zones  indicates  that  the  increase  in  fracture  tough¬ 
ness  due  to  transformation  shielding  for  the  semicircular 
frontal  zone  shape  characteristic  of  Mg-PSZ  is  about 
twice  that  for  the  elongated  frontal  zone  characteristic 
of  Ce-TZP. 

The  elongated  transformation  zone  in  Ce-TZP  is 
thought  to  result  from  autocatalytk  transformation.  i.e.. 
the  sequential  triggering  of  transformation  in  a  grain  by 
transformation  strains  in  adjacent  grains.  Autocatalytk 
transformation  also  occurs  in  Mg-KZ,  as  evidenced  by 
the  formation  of  well-defined  shm  bands  within  grains. 
The  microstnicture  of  Mg-PSZ  may  be  thought  of  as 
dual  scale:  the  individual  precipiutes  that  transform 
from  tetragonal  to  monoclink  phase  are  lentkular  in 
shape  are  lentkular  in  shape  (approximately  300  nm  in 
diameter),  and  they  are  oontaitirt  within  grains  that  are 
larger  by  about  2  oeden  of  magnitude  (approximately 
so  fsm  diameier).  OMwiigh  ca^  transformation  band 
contains  many  anMcaHiyikally  transformed  precipi¬ 
utes,  the  grain  bapdmict  arc  effective  barriers  for 
arresting  the  prapaiMnf  hand,  b  Ce-TZP,  however, 
the  trai^orming  anki  arc  the  individual  grains;  there 
are  no  larger  scale  mkrostructural  units.  Thus,  there  are 
no  large  scale  burners  to  arrest  a  developing  transfor¬ 
mation  band  in  Ce-TZP.  Based  on  the  foregoing,  it  is 
believed  that  substantia]  toughness  enhancement  will 
result  if  the  microstructure  of  Ce-TZP  is  modified  to 
change  the  shape  of  the  stress-induced  transformation 
zone. 

SUMMARY  OF  THE  INVENTION 

The  present  invention  relates  to  laminar  ceramic 
composites  and  includes  a  method  of  introducing  large- 


scale  microstruciural  uniis  into  Ce-ZrOj  (Ce-TZP)  for 
enhancing  fracture  toughness  of  the  ceramic  matenal. 
These  large-scale  microstruciural  units  uke  the  form  of 
barrier  layers  of  matenals  such  as  AIK>)  or  a  mixture  of 
AljOj  and  Ce-ZrOj  Based  on  the  foregoing  back¬ 
ground  of  the  invention,  the  optimum  separation  of  the 
barrier  layers  is  believed  to  te  approximately  10-200 
pm.  wiih  optimum  individual  barrier  layer  thicknesses 
at  the  lower  end  of  this  range. 

In  the  method  of  the  present  invention,  powders  of 
selected  ceramic  materials  comprising  the  layers  of  the 
composite  structure  are  dispersed  in  separate  containers 
of  water  to  form  slurrks.  The  pH  of  the  slurries  is  ad¬ 
justed  to  remove  long  range  repulsive  forces  between 
the  powder  particles  but  renin  ikirt  range  repulsive 
forces.  In  this  sttte  of  suspension,  or  coagulation,  the 
partkles  settle  readily  under  gravity  withow  asass  seg¬ 
regation  and  can  be  consolidated  so  higher  density  by 
centrifuging.  After  centrifngiag.  the  siqietaatant  liquid 
can  be  removed  and  a  dcdied  voinna  of  another  slurry 
can  be  added  on  top  of  the  first  layer  of  ooneolidated 
material.  This  process  can  be  repealed  indefinitely  to 
form  a  laminar  composite  structure  comprising  alternat- 


e  been  obaervad. 
spread  along  the 


ing  layers  of  different  ccramk  matarials.  Inminar  com¬ 
posites  having  layers  as  thin  as  sheni  10  pa  have  been 
fabricated  using  this  coPoidnl  asathod  ci  the  preaent 
invention  to  consolidate  the  ceraaaic  powders. 

Controlled  crack  growth  aapaaiaasais  and  indHia 
jQ  tionexperimemshavebaeaHaedioiBVMigaiethabfln- 
fill  1  iiftisiia  1  lajiii  nn  riifi  linwnsihnnatinii  answs 
and  fracture  toughness  in  bsshMr  eoapoaiics  at  At 
present  invention.  Strang  kneneiiaaa  between  ffnaa 
layers  and  the  martcMWc  timMlhnnaiion  tones  snr- 
)5  rounding  cracks  and  indentations  hove  been  obaervad. 
In  both  cases,  the  transfatition  rants  spread  along  the 
region  adjacent  to  the  banitr  Inysr.  Ilw  presence  of 
barrier  layers  thus  leads  to  large  inaeaaas  in  toughness 
and  extensive  R-curve  bdmvior.  This  enhanerd  ftac- 
40  turn  toughness  was  observed  for  cracks  growing  paral¬ 
lel  to  the  layers  as  well  as  far  those  that  were  oriented 
normal  to  the  layers. 

A  principal  object  of  the  present  inventioo  is  the 
fabrication  of  improved  laminar  ceramk  composite 
4}  materials.  A  feature  of  the  invention  is  the  use  of  a 
colloidal  technique  combined  with  centrifuging  to  con¬ 
solidate  layers  of  ceramk  powders  into  a  laminar  com¬ 
posite.  An  advanuge  of  tte  invention  is  fabrication  of 
thin  barrier  layers  of  material  that  modify  the  stress- 
30  induced  autocatalytk  transformation  at  crack  tips  to 
enhance  the  fracture  toughness  of  ceramk  materials 

BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

For  a  more  complete  understanding  of  the  present 
33  invention  and  for  further  advantages  thereof,  the  fol¬ 
lowing  Detailed  Desctipiioo  of  the  Preferred  Embodi- 
menu  makes  reference  to  the  accompanying  Drawings, 

.  in  whkb: 

FIG.  1  is  a  schetnatk  cross  section  of  a  laminar  oom- 
60  posite  of  the  present  invention; 

FIG.  2  is  a  schematk  cross  section  of  the  laminar 
composite  of  FIG.  1  illustrating  crack  propagatkm  and 
transformation  zone  spreading  at  a  barrier  layer  of  the 
composite; 

65  RG.  3  is  a  schematic  cross  section  showing  further 
propagation  of  the  crack  of  FIG.  2  to  illustrate  narrow¬ 
ing  of  the  transformation  zone  after  passing  through  the 
barrier  layers;  and 
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FIG  4  IS  a  graph  ploding  test  results  of  toughness 
versus  crack  length  through  a  laminar  composite  hav¬ 
ing  a  plurality  of  barrier  layers. 

DETAILED  DESCRIPTION  OF  THE  , 

PREFERRED  EMBODIMENTS 

Composites  of  ZfOj-bascd  ceramic  have  been  fabri¬ 
cated  using  a  colloidal  technique  of  the  present  inven¬ 
tion  to  produce  a  laminar  structure  having  one  or  more 
barrier  layers.  The  barrier  layers  comprise  materials  10 
such  as  AI2O3  or  a  mixture  (typically  50%  by  volume) 
of  AI2O3  and  Ce-Zr02.  The  method  comprises  sequen¬ 
tial  centrifuging  of  slurries  containing  suspended  parti¬ 
cles  of  ceramic  powders  to  form  the  layered  structure, 
followed  by  forming  (optional),  pressing,  drying,  and  15 
sintering  at  temperatures  up  to  about  1600*  C.  An  aque¬ 
ous  electrolyte  (i.e.,  a  salt  such  as  NH4NO3  or  NH4CI. 
for  example)  can  be  used  to  produce  short  range  repul¬ 
sive  hydration  forces  and  to  reduce  the  magnitude  of 
the  longer  range  electrostatic  forces  between  the  parti-  20 
cles  suspended  in  the  slurry.  This  condition  produces  a 
weakly  attractive  network  of  particles  that  prevents 
mass  segregation  during  centrifugation.  Because  of  the 
lubricating  action  of  the  shon  range  repulsive  forces, 
the  particles  can  be  packed  to  a  high  consolidation  25 
density. 

The  relative  densities  of  the  AI2O3  and  Ce-Zr02  pow¬ 
ders  consolidated  separately  using  this  colloidal  tech¬ 
nique  were  approximately  60  and  50  volume  %,  respec¬ 
tively.  The  larger  shrinkage  of  the  Ce-ZrO:  during  30 
subsequent  sintering  caused  cracking  in  some  layered 
composites  that  contained  pure  AI2O3  layers  (the  excep¬ 
tions  being  some  thin  layers  with  thickness  less  than 
about  30  fim).  This  contraction  mismatch  was  mini¬ 
mized  by  using  the  mixed  composition  of  50  volume  %  35 
AI2O3  and  Ce-Zr02  instead  of  pure  AI2O3  for  most 
specimens.  Optical  micrographs  of  typical  layers  of 
Al203/Ce-Zr02  within  a  matrix  of  Ce-Zr02  show  rea¬ 
sonably  uniform  layers  with  thicknesses  in  the  range  10 
to  100  pun.  A  multilayered  structure  of  alternating  Ce-  40 
Zr02  and  Al203/Ce-Zr02  layers  of  35  ^m  thickness 
was  produced,  as  illustrated  schematically  in  FIG.  1. 

In  a  preferred  embodiment  illustrated  in  FIG.  1.  the 
material  of  layers  A  is  Zr02  doped  with  Ce02  (12  mo¬ 
lecular  %).  The  material  of  layers  B  is  a  mixture  of  50%  45 
by  volume  of  AI2O3  and  Zr02  doped  with  Ce02  (12 
molecular  %).  The  purpose  of  the  mixed  composition  in 
the  alternative  example  is  to  reduce  differential  shrink¬ 
age  between  layers  A  and  layers  B  during  the  densifica- 
tion  process,  which  involves  heat  treatment.  The  mate-  50 
rial  of  layers  A  can  be  any  Zr02-based  material  that 
undergoes  stress-induced  martensitic  transformation 
from  the  tetragonal  to  the  monoclinic  crystal  structure. 
The  material  of  layers  B  may  be  any  material  that  I)  is 
chemically  compatible  with  the  material  of  layers  A  at  55 
the  temperatures  needed  to  densify  material  A  by  sinter¬ 
ing;  2)  densifies  at  a  similar  temperature  and  with  similar 
shrinkage  as  does  the  material  of  layers  A;  and  3}  does 
not  undergo  stress-induced  phase  transformation  or 
does  so  less  readily  than  the  material  of  layers  A.  In  60 
addition  to  the  AI2O3  described  above,  other  examples 
of  suitable  barrier  layer  materials  include  the  following: 
Zr02  with  dopants  such  as  Ce02.  Y2O3.  MgO,  and  CaO 
in  concentrations  sufficient  to  render  Zr02  either  fully 
stabilized  in  the  cubic  structure  or  more  resistant  to  65 
stress-induced  tetragonal-to-monoclinic  transformation 
than  the  material  of  layers  A;  titanium  diboride:  silicon 
carbide  (SiC);  hafnium  oxide;  and  mixtures  of  the  fore- 
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going  Although  there  is  no  upper  limit  to  the  thickness 
of  individual  layers  of  the  laminar  composite,  layers 
with  thicknesses  as  low  as  about  10  34m  can  be  fabri¬ 
cated  using  the  colloidal  method  of  the  present  inven¬ 
tion. 

In  the  method  of  the  present  invention,  ceramic  pow¬ 
ders  compnsing  the  materials  of  layers  A  and  B  are 
dispersed  in  separate  containers  of  water  to  form  slur¬ 
ries.  Ultrasonic  waves  may  be  used  to  cause  mixing,  and 
the  pH  may  be  adjusted  to  about  2  by  adding  HNO3.  At 
pA  2  there  are  long  range  electrostatic  repulsive  forces 
between  the  powder  panicles  that  keep  them  well  sepa¬ 
rated  and  dispersed.  The  long  range  repulsive  forces 
may  be  removed  to  form  a  weakly  attractive  network 
that  results  when  the  panicles  develop  a  solvation  layer 
which  produces  a  shon  range,  but  highly  repulsive 
force.  Such  panicle  networks  can  be  formed  by  adding 
an  indifferent  salt  to  a  dispersed  slurry  in  which  the 
initial,  long  range  electrostatic  repulsive  potential  is 
produced  at  low  pH.  When  the  concentration  of  the  salt 
is  SO.IM,  the  panicles  become  weakly  attractive  to 
form  a  coagulation  due  to  the  diminish^  electrostatic 
potential.  A  salt  such  as  NH4O  or  NH4NO3  at  about 
0.5-2.0M  concentration,  for  example,  may  be  added  to 
the  slurries  of  ceramic  powders  described  above  to 
cause  coagulation.  In  this  state  of  ooagulatioa,  the  sus¬ 
pended  particles  are  not  flooced  (i.e.,  not  touching  or 
cohesive),  but  they  settle  readily  under  gravity,  without 
mass  segregation,  and  they  may  be  consolidated  to 
higher  densities  by  centrifuging.  Mam  s^regatioo  at 
this  step  is  undesirable  because  it  causes  cracking  during 
subsequent  heat  treatment  and  dcasification. 

To  construct  the  laminar  composite  tBustrated  in 
FIG.  1.  a  volume  of  slurry  needed  to  yield  the  desired 
thickness  of  material  in  layer  10  is  plac^  in  a  container 
comprising  an  outer  wdl  (typi^ly  cylindrical),  a 
removeable  inner  Teflon  (g)  sleeve,  and  a  remove^le 
bottom.  The  container  is  then  placed  in  the  swinging 
bucket  of  a  centrifuge  and  spun  at  ai^roximately  2000  g 
for  IS  minutes.  After  centrifuging,  the  supernatant  liq¬ 
uid  is  removed  and  a  volume  of  slurry  needed  to  yield 
the  desired  thickness  of  material  in  layer  12  is  plac^  in 
the  container.  The  container  is  centrifuged  again,  and 
the  whole  process  repeated  for  each  of  the  layers  13 
through  16.  As  shown  in  FIG.  1,  the  composition  of  the 
slurry  is  alternated  (or  changed  to  a  different  material) 
for  each  successive  layer  of  the  composite.  The  process 
is  repeated  until  the  composite  structure  has  the  desired 
number  of  layers,  each  having  the  desired  thickness  and 
composition. 

At  this  stage,  after  all  the  layers  of  the  composite 
have  been  centrifuged,  the  consolidated  laminar  com¬ 
posite  has  rheological  properties  similar  to  wet  clay. 
Before  drying,  uniaxial  compressive  stress  may  be  ap¬ 
plied  to  the  structure  to  further  increase  the  panicle 
packing  density.  This  can  be  accomplished,  for  exam¬ 
ple.  by  insening  a  microporous  filter  on  top  of  the  con¬ 
solidated  composite  while  it  remains  in  t^  container, 
and  then  loading  in  a  hydraulic  press  at  a  pressure  of 
about  4000  psi.  Alternatively,  the  damp  composite 
structure  ouy  be  shaped  in  a  mold  or  rolled  out  to 
flatten  the  material,  for  example.  The  flattened  compos¬ 
ite  may  then  be  rolled  into  a  composite  rod  comprising 
alternating  layers  of  material  having  a  spiral  cross-sec¬ 
tion.  It  should  be  apparent  that  other  shapes  and  struc¬ 
tures  of  the  laminar  composite  may  be  visualized  and 
formed  by  one  having  ordinary  skill  in  the  an. 
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FIG  4  IS  a  graph  plotting  test  results  of  toughness 
versus  crack  length  through  a  laminar  composite  hav¬ 
ing  a  plurality  of  barrier  layers 

DETAILED  DESCRIPTION  OF  THE 
PREFERRED  EMBODIMENTS 

Composites  of  ZfOH>esed  ceramic  have  been  fabri¬ 
cated  using  a  colloidal  technique  of  the  present  inven¬ 
tion  to  produce  a  laminar  structure  having  one  or  more 
barrier  layers.  The  barrier  layers  comprise  materials  10 
such  as  AIjO}  or  a  mixture  (typically  i0%  by  volume) 
of  AI203  and  Ce-ZrO].  The  method  comprises  sequen¬ 
tial  centrifuging  of  slurries  containing  suspended  parti¬ 
cles  of  ceramic  povwders  to  form  the  layered  structure, 
followed  by  forming  (optional),  pressing,  drying,  and  15 
sintering  at  temperatures  up  to  about  I6(X)*  C.  An  aque¬ 
ous  electrolyte  (i.e..  a  salt  such  as  NH4NO}  or  NH4CI. 
for  example)  can  be  used  to  produce  short  range  repul¬ 
sive  hydration  forces  and  to  reduce  the  magnitude  of 
the  longer  range  electrostatic  forces  between  the  parti-  20 
cles  suspended  in  the  slurry.  This  condition  produces  a 
weakly  attractive  network  of  particles  that  prevents 
mass  segregation  during  centrifugation.  Because  of  the 
lubricating  action  of  the  shon  range  repulsive  forces, 
the  panicles  can  be  packed  to  a  high  consolidation  25 
density. 

The  relative  densities  of  the  AI2O3  and  Ce-Zr02  pow¬ 
ders  consolidated  separately  using  this  colloidal  tech¬ 
nique  were  approximately  60  and  SO  volume  %,  respec¬ 
tively.  The  Ivger  shrinkage  of  the  Ce-Zr02  during  30 
subsequent  sintering  caused  cracking  in  some  layered 
composites  that  contained  pure  AI2O3  layers  (the  excep¬ 
tions  being  some  thin  layers  with  thickness  less  Uim 
about  30  tun).  This  contraction  mismatch  was  mini¬ 
mized  by  using  the  mixed  composition  of  30  volume  %  35 
AI2O3  and  Ce-Zr02  instead  of  pure  AI2O3  for  most 
specimens.  Optical  micrographs  of  typical  layers  of 
Al203/Ce-Zr02  within  a  matrix  of  Ce-Zr02  show  rea¬ 
sonably  uniform  layers  with  thicknesses  in  the  range  10 
to  100  tun.  A  multilayered  structure  of  alternating  Ce-  40 
Zr02  and  AlzOy/Ce-ZrOz  layers  of  33  ^m  thickiiess 
was  produced,  as  illustrated  schematically  in  FIG.  1. 

In  a  preferred  embodiment  illustrated  in  FIG.  1.  the 
material  of  layers  A  is  ZiOi  doped  with  CeOz  (12  mo¬ 
lecular  %).  The  material  of  layers  B  is  a  mixture  of  30%  45 
by  volume  of  AI203  and  Zi^  doped  with  CeOi  (12 
molecular  %).  The  purpose  of  the  mixed  compositimi  in 
the  alternative  example  is  to  reduce  differential  shrink¬ 
age  between  layers  A  and  layers  B  during  the  densifica- 
tion  process,  which  involves  heat  treatment.  The  mate-  50 
rial  of  layers  A  can  be  any  Zi02-based  material  that 
undergoes  stfaia  induced  martensitic  transformation 
from  tte  tetrasoaal  to  the  moaoclinic  crystal  structure. 
The  material  of  kym  B  may  be  any  material  that  1)  is 
chemically  oompiiiMe  with  the  material  of  layers  A  at  55 
the  temperaturM  needed  to  deniify  material  A  by  sinter¬ 
ing;  2)  densifies  at  a  similar  temperature  and  with  siinilar 
shrinkage  as  does  the  material  of  layers  A;  and  3)  does 
not  undergo  stress-induced  phase  transformation  or 
does  so  less  readily  than  the  material  of  layers  A.  In  60 
addition  to  the  A1^3  described  above,  other  examples 
of  suitable  barrier  layer  materials  include  the  following: 
Zr02  with  dopants  such  as  CeOz,  Y2O3.  MgO,  and  CaO 
in  concentrations  sufTicient  to  render  Zr02  either  fully 
stabilized  in  the  cubic  structure  or  more  resisunt  to  65 
stress-induced  tetragonal-to-monoclinic  transformation 
than  the  material  of  layers  A;  tiunium  diboride:  silicon 
carbide  (SiC);  hafnium  oxide;  and  mixtures  of  the  fore- 
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going  Although  there  is  no  upper  limit  to  the  thickness 
of  individual  layers  of  the  laminar  composite,  layers 
with  thicknesses  as  low  as  about  10  ^m  can  be  fabri¬ 
cated  using  the  colloidal  method  of  the  present  inven- 
5  tion. 

In  the  method  of  the  present  invention,  ceramic  pow¬ 
ders  composing  the  materials  of  layers  A  and  B  are 
dispersed  in  separate  containers  of  water  to  form  slur¬ 
ries.  Ultrasonic  waves  may  be  used  to  cause  mixing,  and 
the  pH  may  be  adjusted  to  about  2  by  adding  HNO3  At 
pA  2  there  are  long  range  electrostatic  repulsive  forces 
between  the  powder  particles  that  keep  them  well  sepa¬ 
rated  and  (tepersed.  The  long  range  repulsive  forces 
may  be  removed  to  form  a  wwnkly  annctive  network 
that  results  when  the  panicles  develop  a  solvation  layer 
which  produces  a  ston  range,  but  highly  repulsive 
force.  Such  particle  networks  can  be  formed  by  adding 
an  indifferent  salt  to  a  dispencd  slurry  in  which  the 
initial,  long  range  electrostatic  repulsive  potential  is 
produced  at  low  pH.  When  the  concentration  of  the  salt 
is  S0.IM,  the  particles  become  weakly  attractive  to 
form  a  coagulation  due  to  the  elcctrosutic 

potential.  A  salt  such  as  NHaQ  or  NH4NO3  at  about 
0.3-2.0M  concentration,  for  »»— idded  to 
the  slurries  of  ceramic  powders  descidied  above  to 
cause  coagulation.  In  this  stme  of  ooagnlation,  the  sus¬ 
pended  particles  are  not  flooead  (La.,  not  toaiching  or 
cohesive),  but  they  settle  readily  under  gravity,  wtthont 
mass  segreption.  and  they  may  be  rnnanlidatail  to 
higher  densities  by  ceatrifiBgiiig.  Maes  — g— at 
this  step  is  undesirable  because  It  cauMS  craddng  daring 
subsequent  heat  treatmeru  and  daaaiScaiioa. 

To  construct  the  laminar  nnae|ineiir  Bluatratcd  in 
FIG.  1.  a  volume  of  slurry  asaded  10  yieM  the  desired 
thickness  of  material  in  layer  10  is  plactMl  ia  a  container 
comprising  an  outer  wall  (typify  cyUadrical),  a 
removeable  inner  Teflon  (J)  sleeve,  awl  a  removeable 
bottom.  The  container  is  then  placed  in  the  swinging 
bucket  of  a  centrifuge  and  spun  at  approxnaatcly  2000  g 
for  13  minutes.  After  centiifligiag.  die  sapematant  liq¬ 
uid  is  removed  and  a  voluine  of  shary  needed  to  yield 
the  desired  thickness  of  material  in  layer  U  is  placed  in 
the  container.  The  container  is  ceatrifliged  again,  and 
the  whole  process  repeated  for  each  of  the  byers  13 
through  Id.  As  shown  in  FIG.  1,  the  composition  of  the 
slurry  is  alternated  (or  changed  to  a  different  material) 
for  each  successive  layer  of  the  composite.  The  process 
is  repeated  until  the  composite  structure  has  the  desired 
number  of  layers,  each  having  the  desired  thickness  and 
composition. 

At  this  sttge,  after  all  the  byers  of  the  composite 
have  been  centrifuged,  the  constdidated  lamiwr  com¬ 
posite  has  rheological  properties  simibr  to  wet  cby. 
Before  drying,  uniaxial  compremive  stress  may  be  ap¬ 
plied  to  tile  structure  to  further  increase  the  particle 
packing  density.  This  can  be  accomplished,  for  exam- 
pb,  by  inserting  a  microporous  filter  on  top  of  the  con¬ 
solidated  composite  while  it  remains  in  the  container, 
and  then  loading  in  a  hydraulic  press  at  a  pressure  of 
about  4000  psi.  Alternatively,  the  damp  composite 
structure  may  be  shaped  in  a  mold  or  rolled  out  to 
flatten  the  material,  for  exampb.  The  flattened  compos¬ 
ite  may  then  be  rolled  into  a  composite  rod  comprising 
alternating  layers  of  material  having  a  spiral  cross-sec¬ 
tion.  It  should  be  apparent  that  other  shapes  and  struc¬ 
tures  of  the  laminar  composite  may  be  visualized  and 
formed  by  one  having  ordinary  skill  in  the  art. 
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After  consolidation,  the  laminar  composite  is  re¬ 
moved  from  the  container  or  mold  and  dried  at  SO*  C 
for  about  24  hours.  The  composite  can  then  be  packed 
in  ZrO]  powder  and  sintered  in  a  furnace  using  a  tem¬ 
perature  treatment  achedule  such  as  the  following  S 
(which  is  provided  oaly  as  an  eaample.  and  not  as  a 
limitation,  of  a  typical  treatment  schedule): 


TvDiCfti  Tcmocriiurc  Treatment  Schedule 

Tempcriiurc 

Rate 

Time 

»•  C.  lo  4S<r  C 

Comuni 

2  0  Hourk 

450'  C.  lo  <00*  C. 

Comuni 

ISO  Hourk 

600*  C.  to  1000*  C. 

Coaaiaai 

ISOHoun 

1000*  C.  lo  1300*  C 

Comuni 

10.0  Houn 

1500* C. 

N/A 

10  Houn 

1500*  C.  lo  KdO*  C 

Comuni 

0.5  Houn 

1600*  C. 

N/A 

2.0  Houn 

I<00*  C.  to  20*  C 

Comuni 

4  0  Hours 

EXPERIMENTAL  RESULTS 

The  influence  of  individual  barrier  layers  of  Al]0}  or 
AhOs/Ce'ZrO]  on  crack  growth  and  transformation 
zones  in  Ce-ZiOi  was  investigated  by  fabricating  com¬ 
posites  containing  widely  spaced  layers,  as  illustrated  2S 
schematically  in  FIG.  2.  Measurements  were  obtained 
from  controlled  crack  growth  in  notched  beams,  frac¬ 
ture  of  smooth  bars,  and  indentation  experiments  using 
a  Vickers  indenter. 

Crack  growth  experimenu  with  notched  beams  were  30 
conducted  in  two  steps,  using  two  different  loading 
fixtures,  which  operated  on  the  suge  of  an  optical  mi¬ 
croscope  and  allied  high  magniflcation  ol^rvation 
of  the  side  of  the  beam  during  l^ing.  Ail  experiments 
were  done  in  a  dry  nitrogen  atmosphere.  The  dimen-  35 
sions  of  the  beams  were  approximately  28x6x  1  mm. 
with  an  initial  notch  20  of  about  170  fim  width  and 
about  2  mm  depth.  A  stable  crack  22  was  initiated  from 
the  root  of  notch  20  under  monotonic  loading.  WC/Co 
flexure  beams  were  placed  in  series  with  the  test  speci-  40 
-men  to  make  the  loading  system  extremely  stiff  and 
allow  subie  crack  growth,  llie  beams  were  equivalent 
to  very  stiff  springs  in  parallel  with  the  specimen  and 
thus  functioned  as  a  crack  arrester.  To  stiflen  the  load¬ 
ing  system  further,  initial  crack  growth  was  induced  45 
without  use  of  a  load  cell.  After  growing  crack  22  for 
approximately  500  fun,  the  loading  system  was  changed 
to  include  a  load  cell  with  conventional  four-point  load¬ 
ing  through  rollers  in  order  to  allow  measurement  of 
the  fracture  toughness  (or  crack  growth  resistance).  50 
The  stress  intensity  factor  was  evaluated  from  the  mea¬ 
sured  loads  and  ctaek  lengthi  (obtained  from  optical 
micrographsX  at  ia  known  in  the  art. 

Results  were  okHiaad  ftom  a  specimen  comprisiag 
three  laycia  of  AhA^Oe-ZiOj  widely  spaced  ahead  of  55 
notch  22.  as  showiMi  RG.  2.  .After  initiating  sttbly  in 
the  immediate  vidnity  of  notch  20.  crack  22  grew  unsu- 
bly  in  layer  16  when  the  loading  system  was  changed  to 
include  the  load  cell,  and  arrested  approximately  20  fim 
before  layer  15  of  AljOj/Ce-ZiOz,  which  had  a  thick-  <0 
ness  of  approximately  35  fun.  The  width  of  the  transfor¬ 
mation  zone  24  over  the  wake  of  crack  22,  as  deter¬ 
mined  by  Nomarski  interference,  was  approximately  IS 
fim.  However,  near  the  tip  of  the  arrested  crack,  the 
transformation  zone  26  extended  adjacent  to  Al-  65 
jOj/Ce-ZrOz  layer  15  for  distances  of  more  than  150 
fitn  each  side  of  the  crack.  Some  transformation  28 
occurred  on  the  opposite  side  of  AljOj/Ce-ZrO]  layer 
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15.  also  for  a  distance  of  1 50  jim  both  sides  of  the  crack 
plane 

After  further  loading,  crack  22  grew  unstably 
through  Al20}/Ce-Zr0j  layer  15.  into  the  Ce-ZrOj  of 
layer  14.  and  arrested  again  approximately  40  lun  be¬ 
fore  layer  13,  which  had  a  thickness  of  70  yim.  The 
shape  of  the  transformation  zone  along  layer  13  near  the 
crack  tip  was  similar  to  that  of  zone  26.  These  results 
indicate  that  the  AlyOy/ZfO:  bamer  layers  have  a 
much  larger  effect  than  simply  arresting  the  growth  of 
a  transformation  zone  ahead  of  a  crack;  they  also  pro¬ 
mote  expansion  of  the  transformation  zone  outward 
from  the  side  of  the  crack,  which  provides  additional 
crack  tip  shielding  and  hence  toughening.  As  illustrated 
in  FIG.  3,  a  plurality  of  barrier  layers  rroduccs  a  broad¬ 
ened  transformation  zone  as  craca  22  progrewrs 
through  the  barrier  layer  region.  However,  when  crack 
22  exits  the  barrier  Lyer  region,  transfonaation  zone  30 
returns  to  the  narrow,  elongated  shape  characteristic  of 
the  Ce-ZiO)  matrix  materi^. 

The  applied  stress  intensity  (iKton  were  calculated  at 
various  stages  of  of  crack  growth,  using  the  measured 
loads  and  crack  lengths.  The  fractnie  toughness  of  the 
Ce-ZrOt  matrix  was  5  MPnami,  whereas  the  stress 
intensity  factor  had  to  be  raised  to  10  MPasmi  to  drive 
the  crack  across  each  barrier  layer.  After  the  crack  tip 
patted  each  barrier  layer,  the  uaHble  crack  growth 

factor  until  the  crack  arraaisd  spin.  However,  when 
the  crack  had  arrasied,  the  ag^iad  new  heanaity  Acier 
decreased  to  spprneiBMatly  S  klfhaeil.  iiplyiHg  that 
the  toughening  efthet  of  anAkenlar  layer  decreased  aa 
it  became  part  of  the  wake  of  the  dnek.  OheBar  ranhs 
were  obtained  fron  spedeirns  oonaaiaiag  uerrier  layers 
of  100«  Al]0)in  the  same  Ce-ZiOi  aHtrix. 

Vickers  indenutions  in  the  Ca>ZiOi  matrix  were 
surrounded  by  large  aoncs  cf  transfnrmiil  matirial, 
which  caused  uplift  of  the  surface  adiaoeat  to  the  inden¬ 
tations.  There  was  no  cracfciag  caased  by  the  iadeata- 
tions  at  loads  up  to  3(X)N.  The  presence  of  a  aeaiby 
AUOy/Ce-ZrOt  barrier  layer  within  the  tnaaftwmation 
zone  caused  spreading  of  the  zone  in  the  region  adjacent 
to  the  barrier  layer,  in  a  pattern  similar  to  the  crack  tip 
zone  26  shown  in  FIG.  2.  There  was  also  transformed 
material  on  the  side  opposite  the  iadenution.  The  pres¬ 
ence  of  the  AlzO^/C^ZiOj  barrier  layer  caused  sub¬ 
stantially  larger  uplift  everywhere  on  the  side  of  the 
indenuticn  that  was  closer  to  the  barrier  layer.  The 
surface  cf  be  AljOt/Ce-ZiOz  barrier  layer  was  de¬ 
pressed  relaiive  to  the  adjacent  transforiMd  Ce-ZiOj 
material.  However,  the  AlzOs/Ce-ZrOj  barrier  layer 
was  uplifted  more  than  the  Ce-ZiOj  sarfiKe  at  corre¬ 
sponding  positions  on  the  opposite  side  of  the  indenu- 
tion.  This  observation  provite  evidence  that  the  Al- 
jOi/Ce-ZrO:  barrier  layer  caased  tprrnding  of  the 
tra^ormatioo  zone  adjacent  to  the  layer  hi  the  subsur¬ 
face  regions  as  weU  as  along  the  surfiioe,  and/or  larger 
concentration  of  transformed  material  in  the  region 
adjacent  to  the  layer. 

The  influence  of  multilayered  microstructures  on 
transformation  zone  shapes  and  toughening  was  investi¬ 
gated  using  a  specimen  containing  19  layers  of  altenat- 
ing  Ce-ZrOz  a^  AlzOs/Ce-ZrOz.  each  of  35  /un  thick¬ 
ness,  in  the  center  of  a  beam  of  Ce-ZrOi.  An  additional 
isolated  35  fim  layer  of  AljO]  was  located  approxi¬ 
mately  I  mm  from  the  multilayered  region.  The  tough¬ 
ening  experienced  by  cracks  oriented  normal  to  the 
layers  was  evaluated  by  growing  a  crack  in  a  notched 
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b«am  using  the  loading  procedure  described  above  The 
lip  of  (he  initial  crack  that  was  introduced  with  the  stiff 
loading  system  was  about  halfway  between  the  end  of 
(he  notch  and  the  first  of  the  multiple  layers  (SSO  ftm 
from  the  notch  and  440  (un  from  the  first  layer).  Fur¬ 
ther  loading  with  the  more  compliant  loading  system, 
which  allowed  continuoiis  load  measurement,  caused 
stable  growth  up  to  and  through  the  multiple  layers. 
However,  as  the  crack  approached  the  last  of  the  layers. 
It  extended  unstably  for  I.S  mm  and  arrested  at  a  posi¬ 
tion  400  ^m  past  the  isolated  layer 

As  shown  in  the  plot  of  FIG.  4.  the  critical  stress 
intensity  factor  increased  from  approximately  S 
MPaamI  in  the  Ce-ZrO}  to  I7.S  MPaami  as  the  crack 
approached  the  end  of  the  AljOy/Ce-ZrOi  barrier  layer 
region.  A  corresponding  increase  in  the  size  of  the 
transformation  zone  surrounding  the  crack  tip  was  evi¬ 
dent  in  micrographs.  Surface  distortions  due  to  the 
volume  strain  associated  svith  the  transformation  were 
detected  as  far  as  300  ^m  from  the  crack  plane,  whereas 
the  zone  width  in  the  single  phase  Ce-ZrO]  is  only 
approximately  IS  ^m.  After  exiting  the  barrier  layer 
region,  the  crack  experienced  unstable  growth. 

The  increased  width  of  the  irartsformaiion  zone 
within  the  layered  region  is  clearly  e  vident  in  optical 
interference  micrographs  in  which  fringes  represent 
contours  of  surface  upUft  adjacent  to  the  crack.  Surface 
uplift  adjacent  to  the  crack  is  larger  (by  a  factor  of 
about  2)  within  the  layered  region  than  in  the  single 
phase  C^ZrOz.  even  though  the  uplift  is  constrained  by 
the  higher  stiflhess  AIzOj/Ce-ZrO}  bamer  layers,  and 
the  average  volume  fraction  of  the  Ce-ZrO]  is  lower  in 
the  layered  region.  Both  the  zone  width  and  the  nugni- 
lude  of  the  surface  uplift  adjacent  to  the  crack  de¬ 
creased  where  the  crack  grew  unsubly  out  of  the  multi¬ 
layered  region  into  the  single  phase  Ce-ZrOj.  and  in¬ 
creased  again  as  the  crack  passed  through  the  isolated 
AljOj/Ce-ZrO:  layer. 

The  response  of  cracks  oriented  parallel  to  the  barrier 
layers  was  assessed  by  loading  a  double  cantilever  beam 
using  another  future  on  the  stage  of  the  optical  micro¬ 
scope.  The  cantilever  beam  was  cut  from  a  region  of  the 
specimen  that  contained  a  conveniently  located  large 
processing  flaw,  which  served  as  an  initial  sharp  crack 
(a  fiat  nonsintered  region  approximately  1  mm  diameter 
at  the  edge  of  the  multilayered  area)  A  sequence  of 
micrographs  was  obtained  during  loading.  As  the  load 
was  increased  initially,  a  zone  of  material  within  the 
single  phase  Ce-ZrO]  ahead  and  to  one  side  of  the  crack 
tip  transformed  before  the  crack  began  to  grow.  With 
further  load  increase,  the  crack  grew  but  was  forced  to 
cross  the  first  layer  of  AljOj/Ce-ZrOz.  presumably 
because  of  the  omprasive  stresses  due  to  the  transfor¬ 
mation  zone  OB  oat  aide  of  the  crack.  The  crack  then 
grew  along  the  fat  layer  of  Ce-ZrO;  within  the  multi¬ 
layered  regioa,  eaMiof  transformation  in  an  increas¬ 
ingly  wide  aoae  of  adliaMat  layers.  The  stress  intensity 
factor  was  nen  evaluated  during  this  test  because  the 
ends  of  the  beam  were  glued  into  the  loading  fixture 
rather  than  being  loaded  through  pins.  Nevenheless.  it 
is  clear  that  the  layers  caused  an  enhancement  of  the 
width  of  the  transformation  zone,  and  hence  the  tough¬ 
ness.  in  this  orienution  as  well  as  in  the  normal  onenu- 
tion. 

The  results  of  the  foregoing  experiments  show  that 
the  presence  of  barrier  layers  of  AbOj  or  Al’Oj/Ce- 
ZrO:  in  Ce-TZP  can  dramatically  modify  the  sizes  and 
shapes  of  the  transformation  zones  around  cracks  in  a 
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manner  that  increases  fracture  toughness  Two  effects 
have  been  identified:  truncation  of  the  elongated  frontal 
zone,  which  approximately  doubles  the  toughening  due 
to  crack  shielding:  and  the  spreading  of  transformation 
)  zones  along  the  regions  adjacent  to  the  barner  layers 
Transformation  zone  spreading  is  believed  to  be  dnven 
by  nontransformabiliiy  of  the  barrier  layers  and/or  their 
higher  elastic  stiffness.  The  mechanics  of  transforma¬ 
tion  zone  spreading,  however,  has  not  be  analyzed 
10  Ctvnbination  of  the  two  transformation  zone  effects 
causes  an  increase  in  the  fracture  toughness  of  layered 
material  by  a  factor  of  about  3.S  (from  3  MPaami  to  17.3 
MPaami). 

The  Ce-ZiOj  powder  used  in  the  foregoing  experi- 
13  ments  yields  a  base  material  with  a  fracture  toughness  of 
approximately  3  MPnami  and  a  transformation  zone 
size  of  approximately  13  pm.  These  are  substantially 
less  than  tte  toughness  and  zone  sizes  reported  in  more 
transformable  Ce-2^i02  materiab  (Kji~l4  MPaami. 
20  and  zone  sizes  of  several  hundred  microns).  However, 
despite  this  relatively  tow  tuning  toughness,  the  multi¬ 
layered  microttnicture  was  characterized  by  a  crack 
resistance  curve  that  went  as  high  as  17.3  MPasmi.  and 
which  had  not  begun  to  saturate  to  a  steady  sute  value 
23  when  the  crack  encountered  the  end  of  the  layered 
microstructurc.  The  peak  valaa  of  Kit  is  one  of  the 

higha«l  tnnglMMaa  raenaa»«l  «  m  —tatial,  tmiag 

surpassed  only  by  weakly  §ber  rcaftMced  com¬ 

posites,  weakly  bonded  lamiaar  rnapniitn  and  some 
30  Mg-PSZ  matcriala  immediaicly  after  heat  trenonent 
(Mg-PSZ  maicfials  a«a.  hswetmt.  and  loae  some  of 
their  tougheniag  at  room  tampantureX  Fnitiurniore, 
there  is  poteniia)  fcr  ntbatanftaly  ftactnro  tough¬ 
ness  in  layered  aatcwairnctiiras  itbrkaaad  with  higher 
33  toughness  Cc-T21P  nartiag  materials. 

The  mechaaismt  of  knq^wning  enhancement  de¬ 
scribed  above  are  not  restricted  to  the  laminar  geometry 
used  in  the  foregoing  experiments.  Similar  effecu  may 
be  expected  for  any  high-uoduhis,  nootranaforming 
40  microstructural  units,  such  as  oontiauous  or  chopped 
fibers  or  platelets,  that  are  dinr^nted  over  a  spatial 
scale  similar  to  that  of  the  barriar  byers.  An  example 
that  has  been  observed  is  the  interactioo  of  a  transfor¬ 
mation  zone  around  an  indentatkm  with  an  isohted 
43  upphire  fiber  in  a  Ce-TZP  matrix.  In  direct  analogy 
with  the  effect  of  the  barrier  byers,  the  sapphire  fiber 
caused  spreading  of  the  transformation  zone  and  a 
larger  overall  surface  uplift  in  the  vicinity  of  the  fiber. 

The  colloidal  technique  of  the  present  invention  may 
SO  be  used  for  fabricating  byered  ceramic  structures  other 
than  the  ZrOj-based  structures  described  above.  For 
example;  multibyered  capacitors  having  alternate  by¬ 
ers  of  dielectric  materials,  such  as  barium  dtanate,  be¬ 
tween  metallic  electrodes;  multibyered  actuators  or 
33  transduces  having  alternate  byers  of  ferroelectric  ce¬ 
ramic  material,  such  as  PZT  (lead-zirconium  thanate), 
between  metallic  electrodes;  and  ac^  oxide  ftiel  cells 
having  alternate  byers  of  ftiel  electrodes  (e.g..  Ni/Z- 
rOj),  oxygen  conducting  electrolyte  (e.g.,  YjOs/ZiOz). 
60  and  air  electrodes  (e.g..  LafSrlMaO}).  These  laminar 
structures  may  all  be  fabricated  using  variations  of  the 
method  described  above  instead  of  prior  art  tape  casing 
methods.  The  colloidal  method  of  the  present  invention 
has  several  advanuges  over  tape  casting  methods,  such 
63  as  the  fabncaiion  of  smaller  byer  dimensions,  avoiding 
problems  associated  with  burning  out  the  binder  used 
with  tape  casting,  and  achieving  better  particle  packing, 
which  results  in  reduced  sintemg  temperatures  and  the 
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avoidance  of  interdiffusion  between  layers  (caused  by 
high-temperature  sintering) 

Although  the  present  invention  has  been  described 
with  respect  to  specific  embodiments  thereof,  vanous 
changes  and  modificaiioas  can  be  carried  out  by  those  ^ 
skilled  in  the  an  withoat  departing  from  the  scope  of 
the  invention.  Therdbre,  it  is  intended  that  the  present 
invention  encompass  such  changes  and  modifications  as 
fall  within  the  scope  of  the  appended  claims. 

We  claim:  *0 

1.  A  ZrOj-based  laminar  composite,  comprising; 

at  least  two  layers  of  ZiOi-based  ceramic  matenal 
that  undergoes  stress-induced  martensitic  transfor¬ 
mation  from  a  tetragonal  to  a  monoclinic  structure; 

a  layer  of  a  second  ceramic  material  consolidated 
between  said  layers  of  Zr02-based  materul  to  form 
a  barrier  layer; 

said  second  ceramic  material  undergoing  stress- 
induced  transformation,  if  any,  less  readily  than 
said  ZfO^-based  material. 

2.  The  laminar  composite  of  claim  1,  wherein  said 
ZrOj-based  ceramic  matenal  compnses  Ce-doped 
Zr02  ceramic  material. 

3.  The  laminar  composite  of  claim  1.  wherein  said  2j 
second  ceramic  material  comprises  a  material  selected 
from  the  group  consisting  of  AI2O3;  sapphire  fibers; 
titanium  dibori^:  silicon  carbide;  hafnium  oxide;  ZrO: 
doped  with  a  material  selected  from  the  group  consist¬ 
ing  of  CeO},  Y2O},  MgO.  and  CaO;  and  mixtures  of  the  30 
foregoing. 

4.  The  laminar  composite  of  claim  2.  funher  compris¬ 
ing  a  plurality  of  barrier  layers  formed  from  said  second 
ceramic  material,  said  barrier  layers  having  individual 
thicknesses  ranging  from  approximately  10  to  100  fim  35 
and  consolidated  alternately  between  a  plurality  of  said 
Ce-doped  ZrOi  ceramic  layers. 

5.  A  laminar  ceramic  composite,  comprising. 

at  least  two  layers  of  partially  stabilized  Ce-doped 
ZrO:  ceramic  material  that  undergoes  stress-  40 
induced  manensitic  transformation  from  a  tetrago¬ 
nal  to  a  monoclinic  structure; 
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a  layer  of  a  second  ceramic  matenal  consolidated 
between  said  layers  of  said  paniatly  subilized  Ce- 
doped  ZrOj  ceramic  material  to  form  a  barrier 
layer. 

said  second  ceramic  matenal  undergoing  stress- 
induced  transformation,  if  any,  less  readily  than 
said  panially  subilized  Ce-doped  ZtOz  ceramic 
matenal. 

4.  The  laminar  ceramic  composite  of  claim  S.  wherein 
said  second  ceramic  material  comprises  a  material  se¬ 
lected  from  the  group  consisting  of  AlzOy;  upphire 
fibers;  titanium  diboride;  silicon  carbide;  hafnium  oxide; 
ZrO:  doped  with  a  material  selected  from  the  group 
consisting  of  CcO},  YjOj.  MgO,  and  CaO;  and  mixtures 
of  the  foregoing. 

7.  The  laminar  ceramir  compoiite  of  claim  S,  further 
comprising  a  plurality  of  barrier  layers  fonned  from 
said  second  ceramic  material,  said  barrier  layers  having 

individual  10  to 

100  3im  and  consolidated  alternately  betwecD  a  plurality 
of  layers  of  said  partiaUy  itahilhed  Ce-doped  ZrOz 
ceramic  material. 

t.  A  panially  subilized  ZrOi-based  laminar  ceramic 
composite,  comprising: 

a  plurality  of  layers  of  ZiOj-based  ceramic  material 
that  undergoes  strcsamduced  martcaiitic  transfor¬ 
mation  from  a  tctragooal  to  a  moMcImic  airucturr, 

a  plurality  of  layers  of  a  aecoBd  caramic  mairrial.  aid 
layers  of  said  secoal  oaraouc  aaaarial  ooaaolidaad 
alternately  hrtumen  aid  layea  af  aid  ZiOj  baaed 
material  and  having  adividual  dridmeaa  racing 
from  approximately  10  to  100  pa; 

said  second  «■"»■»»«•  aaarial  ooapriring  a  aaarial 
selected  from  the  group  -tmiiBltai  of  AliOi;  sap¬ 
phire  fibers;  titanium  diboride;  diooa  carbide;  haf¬ 
nium  oxide;  Z1O2  doped  with  a  material  selected 
from  the  group  conststing  of  CeO^  Y1O3.  MgO, 
and  CaO:  and  mixtures  of  the  feregoing. 

9.  The  laminar  ceramic  composite  of  claim  S,  wherein 
said  Zi02-based  ceramic  nuterial  comprises  Ce-doped 
Zr02  ceramic  material. 
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